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The  release  of  striatal  dopamine  (DA)  and  its  metabolites  in  response  to  locally-induced  K+  de¬ 
polarization  was  investigated  in  vivo  in  chloral  hydrate-anesthetized  and  freely  moving  rats.  KC1 
at  concentrations  of  30,  50,  and  100  mM  induced  significant  dose-dependent  increases  in  extra¬ 
cellular  DA  overflow  in  both  chloral  hydrate-anesthetized  and  freely  moving  rats  (P  <  0.05). 
Extracellular  levels  of  dihydroxyphenylacetic  acid  (DOPAC),  homovanillic  acid  (HVA),  and  5- 
hydroxyindoleacetic  acid  (5-HIAA)  were  decreased.  The  DA  overflow  in  response  to  30  mM  KC1 
stimulation  in  anesthetized  rats  was  significantly  greater  than  that  in  freely  moving  rats  (P  <  0.05). 
In  addition,  chloral  hydrate  anesthesia  resulted  in  a  significant  decrease  in  extracellular  levels  of 
DOPAC  and  significant  increases  in  extracellular  levels  of  HVA  and  5-HIAA  in  comparison  with 
freely  moving  rats  (P  <  0.05).  Furthermore,  the  basal  level  of  extracellular  HVA  in  chloral  hydrate- 
anesthetized  rats  was  significantly  higher  than  that  in  freely  moving  rats.  These  results  suggest  that 
chloral  hydrate  anesthesia  could  have  significant  effects  on  the  pharmacological  response  of  the 
striatal  dopaminergic  neurons. 


KEY  WORDS:  Microdialysis;  anesthesia;  dopamine;  chloral  hydrate;  striatum. 


INTRODUCTION 

Studies  using  in  vivo  microdialysis  to  measure  the 
extracellular  concentrations  of  various  endogenous  neu¬ 
rotransmitters  have  been  conducted  in  both  free-moving 
and  anesthetized  rats.  The  possible  effect  of  general 
anesthetics  alone  on  the  pharmacological  response  of  the 
central  nervous  system  is  an  important  concern.  Most 
investigations  have  been  electrophysiological  studies  (1- 
5),  and  the  results  were  inconsistent. 

Administration  of  general  anesthetics  such  as  chlo¬ 
ral  hydrate,  pentobarbital,  or  halothane  resulted  in  an 
increase  in  the  basal  firing  rate  of  substantia  nigra  do¬ 
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paminergic  neurons  (2,3),  and  no  significant  difference 
in  dopaminergic  cell  responses  to  L-dopa,  d-ampheta- 
mine,  and  apomorphine  was  found  between  chloral  hy¬ 
drate-anesthetized  and  gallamine-paralyzed  rats  (1).  In 
gallamine-paralyzed  rats  (4)  and  in  freely  moving  rats 
(6),  general  anesthesia  has  been  shown,  on  the  contrary, 
to  reduce  the  number  of  spontaneously  active  dopami¬ 
nergic  neurons  that  exhibit  burst-firing.  General  anesthe¬ 
sia  was  also  shown  to  enhance  the  potency  of  dopamine 
(DA)  agonists  to  inhibit  the  dopaminergic  cell  firing  rate, 
whereas  local  anesthesia  and  paralysis  by  gallamine  did 
not  (4). 

Increases  in  the  extracellular  concentration  of  DA 
and  its  metabolites  in  the  rat  striatum  have  been  reported 
recently  following  halothane  anesthesia  (7)  and  isoflur- 
ane  anesthesia  (8).  In  addition,  Opacka-Juffry  et  al.  (8) 
found  that  isoflurane  anesthesia  enhanced  nomifensine- 
induced  increases  in  striatal  DA  concentration.  In  con¬ 
trast,  however,  chloral  hydrate  anesthesia  was  shown 
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Table  I.  Basal  Levels  of  DA  and  Metabolites  (Pmol/Sample)  in  the 
Striata  of  Freely  Moving  and  Chloral  Hydrate-Anesthetized  Rats 


Rats 

N 

DA 

DOPAC 

HVA 

5-HIAA 

Freely 

moving 

7  0.048 

1+ 

o 

© 

o 

oo 

8.9  ±  2.1 

13.6  ±  1.0 

3.8  ±  0.4 

Anesthe¬ 

tized 

9  0.060 

±  0.016 

4.6  ±  0.9 

22.3  ±  0.5* 

4.3  ±  0.3 

aMean  ± 

SEM. 

*P  <  0.05  vs  freely  moving  rats. 

The  mean  neurotransmitter  concentrations  of  the  initial  three  baseline 
samples  were  taken  as  basal  levels. 

recently  to  decrease  the  basal  level  of  striatal  DA  over¬ 
flow  (9).  The  present  study  examined  the  basal  as  well 
as  KCl-stimulated  striatal  DA  overflow  and  the  extra¬ 
cellular  concentration  of  its  metabolites  in  both  freely 
moving  and  chloral  hydrate-anesthetized  rats. 


EXPERIMENTAL  PROCEDURE 

Animal.  Male  Sprague-Dawley  Crl:CD(SD)BRD  rats  (Charles 
River  Breeding  Laboratories,  Kingston,  NY)  weighing  330-490  g  were 
randomly  selected  for  these  experiments.  Rats  were  quarantined  on 
arrival  and  were  screened  for  evidence  of  disease  by  serology  and 
histopathology.  Rats  were  housed  in  an  AAALAC-accredited  animal 
facility  with  a  12-h  light:dark  cycle  and  were  allowed  access  to  com¬ 
mercial  rodent  chow  (Wayne  Rodent  Blok,  Continental  Grain  Co., 
Chicago,  IL)  and  water  ad  libitum. 

Implantation  and  Perfusion.  In  rats  under  chloral  hydrate  anes¬ 
thesia  (400  mg/kg,  i.p.),  the  CMA  12  microdialysis  probe  (Carnegie 
Medicin,  Stockholm)  with  a  2-mm  tip  was  stereotaxic  ally  inserted 
through  a  small  burr  hole  in  the  skull  into  the  right  striatum  (A:+  9.7, 
L:+2.8,  and  V:+3.5  mm  relative  to  interaural  zero)  according  to  the 
atlas  of  Paxinos  and  Watson  (10).  The  probe  was  inserted  with  a  David 
Kopf  stereotaxic  instrument  with  the  incisor  bar  at  -3.5  mm.  The 
body  temperature  of  anesthetized  rats  was  maintained  by  means  of  a 
rectal  probe  coupled  to  a  heating  pad  (CMA  150;  Carnegie  Medicin). 
Small  supplements  of  chloral  hydrate  maintained  the  depth  of  anes¬ 
thesia  at  a  level  where  corneal  reflexes  were  abolished.  In  free-moving 
rats,  the  CMA  12  microdialysis  probe  was  inserted  in  the  striatum  on 
the  day  of  experiments  through  a  CMA  12  guide  cannula  (Carnegie 
Medicin,  Stockholm)  that  was  surgically  implanted  under  chloral  hy¬ 
drate  anesthesia  at  least  3  days  prior  to  experimentation.  The  guide 
cannula  terminated  approximately  2  mm  dorsal  to  the  projected  tip  of 
the  dialysis  probe  in  the  striatum.  The  microdialysis  probe  was  care¬ 
fully  inserted  into  the  guide  cannula  and  secured  in  place  in  the  hand¬ 
held  conscious  rat.  The  inlet  tubing  of  the  probe  was  inserted  through 
a  stainless  steel  coil  and  attached  to  a  liquid  swivel  (Instech  Lab., 
Plymouth  Meeting,  PA)  to  allow  maximum  freedom  of  movement.  The 
rat  was  placed  in  a  rectangular  activity  chamber  and  was  permitted  to 
move  freely  during  the  experiment.  Artificial  cerebrospinal  fluid 
(aCSF)  containing  147.3  mM  NaCl,  2.3  mM  CaCl2,  and  4.0  mM  KC1 
was  perfused  through  the  microdialysis  probe  at  a  flow  rate  of  2 
pl/min.  Sample  collection  was  started  1  h  after  probe  insertion  (time 
0)  when  the  basal  level  of  extracellular  DA  was  stabilized,  and  was 
collected  every  12.5  min  in  vials  containing  2.5  fil  of  0.05  M  perch¬ 


loric  acid.  KC1  (20  p.1)  at  the  concentrations  of  30,  50,  and  100  mM 
was  perfused  for  10  min  at  37.5,  112.5,  and  187.5  min,  respectively, 
to  stimulate  DA  release.  Administration  of  KC1  was  facilitated  by  a 
CMA  110  liquid  switch.  Increase  in  KC1  concentration  in  the  dialysate 
buffer  is  accompanied  by  a  corresponding  reduction  in  NaCl  concen¬ 
tration  to  maintain  osmolarity.  The  location  of  probes  was  confirmed 
by  visual  examination  of  frozen  brain  sections  at  the  end  of  each  ex¬ 
periment. 

Neurotransmitter  Analysis .  Microdialysis  samples  were  injected 
immediately  after  collection  into  a  high  pressure  liquid  chromatogra¬ 
phy  system  with  electrochemical  detection  (BAS  200,  Bioanalytical 
System,  West  Lafayette,  IN).  Mobile  phase  was  prepared  according  to 
Chiueh  et  al.  (11)  and  was  delivered  through  a  25-cm  Beckman  Ul¬ 
trasphere  IP  5 -pm  reverse-phase  column  (Thomson  Instrument  Co., 
Springfield,  VA)  at  1 .0  ml/min.  The  glassy  carbon  electrode  was  main¬ 
tained  at  +0.72  V  relative  to  an  Ag/AgCl  reference  electrode. 

Data  Analysis.  All  results  are  presented  as  means  ±  SEM  of  7 
or  9  rats.  The  mean  neurotransmitter  concentrations  of  the  initial  three 
baseline  samples  were  taken  as  basal  release,  and  the  results  were 
expressed  as  a  percentage  of  basal  release.  Comparisons  of  mean  dif¬ 
ferences  between  groups  were  made  by  Student’s  /-test.  Comparisons 
of  percent-change  response  after  KC1  perfusion  in  each  group  were 
made  by  one-way  analysis  of  variance.  Significant  differences  were 
determined  using  the  Student-Newman-Keuls  multiple  range  test.  Data 
on  the  percent-change  response  of  DA  after  KC1  perfusion  were  sub¬ 
jected  to  log  transformation  before  statistical  analysis  to  normalize  the 
data.  The  significance  level  was  chosen  at  P  <  0.05. 


RESULTS 

Table  I  shows  the  basal  levels  of  striatal  DA  and 
monoamine  metabolites  in  freely  moving  and  chloral  hy¬ 
drate-anesthetized  rats.  There  were  no  significant  differ¬ 
ences  in  the  basal  levels  of  DA,  DOPAC,  or  5-HIAA 
between  freely  moving  and  anesthetized  rats.  Significant 
differences  (P  <  0.05),  however,  were  observed  in  the 
extracellular  level  of  HVA  in  the  striata  in  these  two 
groups. 

Fig.  1  shows  the  effect  of  chloral  hydrate  anesthesia 
on  KCl-induced  increases  in  striatal  DA  overflow.  KC1 
at  the  concentrations  of  50  and  100  mM  stimulated  DA 
overflow  dose-dependently  and  significantly  (P  <  0.05) 
in  both  freely  moving  (1548  ±  352%  and  9666  ± 
2531%,  respectively)  and  anesthetized  rats  (2493  ± 
546%  and  9476  ±  2574%,  respectively).  The  DA  over¬ 
flows  in  response  to  30  mM  KC1  stimulation  in  anesthe¬ 
tized  rats  was  significantly  greater  than  in  freely  moving 
rats  (597  ±  95%  vs  328  ±  53%;  P  <  0.05). 

Fig.  2  shows  changes  (%)  in  extracellular  DOPAC 
in  response  to  KC1  stimulation  in  freely  moving  and  an¬ 
esthetized  rats.  In  freely  moving  rats,  the  basal  level  of 
extracellular  DOPAC  remained  relatively  constant. 
There  were  brief  but  significant  decreases  in  DOPAC 
levels  following  50  and  100  mM  KC1  stimulation  (P  < 
0.05).  In  chloral  hydrate-anesthetized  rats,  the  basal  level 


Effect  of  Anesthesia  on  DA  Release 


697 


Fig.  1.  The  effect  of  chloral  hydrate  anesthesia  on  striatal  DA  release 
in  response  to  KCI  stimulation.  Administration  of  KC1  (20  |il)  is  in¬ 
dicated  by  an  arrow,  and  the  duration  of  KCI  administration  is  indi¬ 
cated  by  a  horizontal  bar.  Data  shown  are  mean  ±  S.E.M.  of  7  and 
9  rats,  and  are  expressed  as  a  percentage  of  the  basal  release  calculated 
from  three  samples  prior  to  the  administration  of  30  mM  KCI.  *P  < 
0.05  vs  freely  moving  rats;  aP  <  0.05  vs  basal  release;  bP  <  0.05  vs 
peak  of  DA  release  in  response  to  30  mM  KCI  stimulation:  CP  <  0.05 
vs  peak  of  DA  release  in  response  to  50  mM  KCI  stimulation. 


of  extracellular  DOPAC  remained  steady  through  the 
first  125  min  of  sample  collection  and  then  decreased 
sharply  to  a  much  lower  level;  the  decrease  in  extracel¬ 
lular  DOPAC  levels  was  significant  (P  <  0.05)  at  212.5 
min  and  thereafter.  Administration  of  KCI  at  all  three 
concentrations  resulted  in  a  decrease  in  DOPAC  levels; 
however,  only  the  decrease  in  DOPAC  levels  following 
50  mM  KCI  stimulation  was  statistically  significant  (P 
<  0.05).  There  were  significant  differences  in  the  extra¬ 
cellular  DOPAC  level  in  the  two  groups  at  150,  212.5 
min,  and  thereafter. 

Fig.  3  shows  changes  (%)  in  extracellular  HVA  in 
response  to  KCI  stimulation  in  freely  moving  and  an¬ 
esthetized  rats.  The  basal  level  of  extracellular  HVA  in 
freely  moving  rats  remained  steady  throughout  the  first 
125  min  of  the  experiment,  then  decreased  sharply  and 
significantly,  and  remained  low  throughout  the  rest  of 
the  experiment.  The  decrease  in  extracellular  levels  of 
HVA  was  significant  at  137.5  min  and  thereafter  (P  < 
0.05).  In  chloral  hydrate -anesthetized  rats,  the  basal  level 
of  extracellular  HVA  remained  steady  throughout  the 
first  200  min  of  the  experiment,  and  then  decreased  sig¬ 
nificantly  thereafter.  There  were  significant  (P  <  0.05) 
differences  in  extracellular  HVA  levels  in  the  two 
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Fig.  2.  The  effect  of  chloral  hydrate  anesthesia  on  extracellular 
DOPAC  levels  in  the  striatum.  Administration  of  KCI  (20  pi)  is  in¬ 
dicated  by  an  arrow,  and  the  duration  of  KCI  administration  is  indi¬ 
cated  by  a  horizontal  bar.  Data  shown  are  mean  ±  S.E.M.  of  7  and 
9  rats,  and  are  expressed  as  a  percentage  of  the  basal  level  calculated 
from  three  samples  prior  to  the  administration  of  30  mM  KCI.  *P  < 
0.05  vs  freely  moving  rats;  aP  <  0.05  vs  basal  levels;  CP  <  0.05  vs 
extracellular  DOPAC  levels  prior  to  the  administration  of  50  mM  KCI; 
dP  <  0.05  vs  extracellular  DOPAC  levels  prior  to  the  administration 
of  100  mM  KCI. 


groups  at  100  and  150  min  of  sample  collection  and 
thereafter.  Significant  decreases  in  the  basal  levels  of 
HVA  were  observed  in  anesthetized  rats  following  the 
perfusion  of  30  and  50  mM  KCI,  and  in  both  groups 
following  the  perfusion  of  100  mM  KCI. 

Fig.  4  shows  changes  (%)  in  extracellular  5-HIAA 
in  response  to  KCI  stimulation  in  freely  moving  and  an¬ 
esthetized  rats.  In  freely  moving  rats,  the  basal  level  of 
extracellular  5-HIAA  remained  steady  through  the  first 
125  min  of  the  experiment,  decreased  significantly  (P  < 
0.05)  at  150  min,  and  remained  low  throughout  the  rest 
of  the  experiment.  Perfusion  of  100  mM  KCI  resulted  in 
a  significant  decrease  in  the  5-HIAA  level.  In  anesthe¬ 
tized  rats,  the  extracellular  level  of  5-HIAA  increased 
slowly  with  time  and  reached  the  levels  significantly 
above  baseline  (P  <  0.05)  at  125,  175,  187.5,  200,  and 
250  min  of  sample  collection.  Perfusion  of  100  mM  KCI 
resulted  in  a  significant  decrease  in  the  5-HIAA  level  (P 
<  0.05).  There  were  significant  differences  in  extracel¬ 
lular  5-HIAA  levels  in  the  two  groups  at  87.5,  112.5 
min,  and  thereafter. 
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Fig.  3.  The  effect  of  chloral  hydrate  anesthesia  on  extracellular  HVA 
levels  in  the  striatum.  See  fig.  2  for  additional  explanation.  *P  <  0.05 
vs  freely  moving  rats;  aP  <  0.05  vs  basal  levels;  CP  <  0.05  vs  extra¬ 
cellular  HVA  levels  prior  to  the  administration  of  50  mM  KC1;  dP  < 
0.05  vs  extracellular  HVA  levels  prior  to  the  administration  of  100 
mM  KC1. 


KC!  KC!  KCI 

(30  mM)  (50  mM)  (100  mM) 


Fig.  4.  The  effect  of  chloral  hydrate  anesthesia  on  extracellular  5- 
HIAA  levels  in  the  striatum.  See  fig.  2  for  additional  explanation.  *P 
<  0.05  vs  freely  moving  rats;  aP  <  0.05  vs  basal  levels;  CP  <  0.05  vs 
extracellular  5-HIAA  levels  prior  to  the  administration  of  50  mM  KCI; 
dP  <  0.05  vs  extracellular  5-HIAA  levels  prior  to  the  administration 
of  100  mM  KCI. 


DISCUSSION 

Our  results  demonstrate  that  chloral  hydrate  anes¬ 
thesia  can  influence  the  pharmacological  response  of  the 
striatal  dopaminergic  system.  Increased  basal  levels  of 
extracellular  HVA  and  increased  DA  response  to  30  and 
50  mM  KCl-stimulation  in  anesthetized  rats  as  compared 
to  freely  moving  rats  are  consistent  with  results  reported 
earlier  by  other  researcher  (7,  8).  Stahle  et  al.  (7)  dem¬ 
onstrated  that  halothane  anesthesia  increased  basal  levels 
of  DA  and  HVA  in  the  rat  striatum,  and  Opacka-Juffry 
et  al.  (8)  showed  that  isoflurane  anesthesia  increased  the 
extracellular  concentration  of  DA  and  its  metabolites  and 
enhanced  the  nomifensine-induced  increase  in  striatal 
DA  concentration.  On  the  contrary,  chloral  hydrate  an¬ 
esthesia  was  shown  recently  to  decrease  the  basal  release 
of  DA  in  the  striatum  (9).  Our  study  does  not  confirm 
their  finding,  and  we  have  no  good  explanation  for  this 
discrepancy.  However,  Hamilton  et  al.  (9)  did  show  that 
increases  in  striatal  DA  overflow  in  response  to  d-am- 
phetamine  and  morphine,  two  drugs  with  different  mech¬ 
anisms  of  action,  were  significantly  greater  in  anesthe¬ 
tized  rats  than  in  conscious  rats.  Although  these  authors 
provided  their  data  with  different  interpretations,  their 
results  did  suggest  an  increased  DA  response  to  different 
stimuli  following  chloral  hydrate  anesthesia. 

The  mechanism  involved  in  increased  DA  metab¬ 
olism  and  increased  DA  response  to  KCI-stimulation  in 
chloral  hydrate-anesthetized  rats  is  unclear.  It  is  possible 
that  chloral  hydrate  anesthesia  interferes  with  presynap- 
tic  DA  autoreceptors  in  the  rat  striatum  as  suggested  for 
isoflurane  anesthesia  by  Opacka-Juffry  et  al.  (8).  How¬ 
ever,  the  electrophysiological  study  of  Mereu  et  al.  (12) 
suggested  that  general  anesthetics  did  not  seem  to  mod¬ 
ify  the  sensitivity  of  DA  autoreceptors  to  agonists  and 
antagonists.  Alternatively,  chloral  hydrate  may  interfere 
with  the  presynaptic  DA  reuptake  mechanism.  Micro¬ 
dialysis  studies  by  Hurd  and  Ungerstedt  (13)  have  shown 
that  most  DA  uptake  inhibitors  induce  a  gradual  accu¬ 
mulation  of  extracellular  DA  with  very  little  influence 
on  extracellular  DOPAC,  HVA,  and  5-HIAA.  Our  re¬ 
sults,  showing  significant  increase  in  extracellular  HVA 
and  5-HIAA  in  chloral  hydrate-anesthetized  rats  in  con¬ 
trast  to  free-moving  rats,  argue  against  this  hypothesis 
and  suggest  that  the  influence  of  chloral  hydrate  anes¬ 
thesia  is  not  limited  to  the  dopaminergic  system.  The 
third  possibility  is  that  chloral  hydrate  anesthesia  inter¬ 
feres  with  the  inhibitory  neuronal  mechanisms  that  reg¬ 
ulate  striatal  DA  release,  as  suggested  by  Stahle  et  al. 
(7)  for  halothane  anesthesia.  It  has  been  shown  that  y- 
aminobutyric  acid  (GABA)  inhibited  striatal  DA  release 
(14,  15)  and  synthesis  (16)  by  acting  on  GABAb  recep- 
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tors  at  the  dopaminergic  terminal.  Therefore,  the  reduc¬ 
tion  of  GABAergic  cell  firing  and  subsequent  depression 
of  basal  GABA  levels  following  general  anesthesia  (17) 
could  at  least  partially  explain  the  increased  dopami¬ 
nergic  activity  in  the  striatum. 

Administering  high  concentrations  of  KC1  resulted 
in  decreases  in  extracellular  levels  of  DOPAC,  HVA, 
and  5-HIAA,  which  confirms  an  earlier  study  reported 
by  Fairbrother  et  al.  (18).  The  decrease  in  basal  DOPAC 
levels  in  chloral  hydrate-anesthetized  rats  confirms  a  re¬ 
port  by  Ford  and  Marsden  (19).  It  is  interesting  to  note 
that  the  decreased  DOPAC  levels  in  chloral  hydrate-an¬ 
esthetized  rats,  compared  with  freely  moving  rats,  was 
not  seen  until  3.5  h  after  the  initiation  of  chloral  hydrate 
anesthesia. 

In  freely  moving  rats,  the  basal  level  of  extracel¬ 
lular  HVA  reduced  sharply  at  137.5  min  of  sample  col¬ 
lection,  and  remained  depressed  throughout  the  rest  the 
experiment.  The  decrease  in  extracellular  HVA  coin¬ 
cided  with  the  decreased  HVA  in  response  to  50  mM 
KC1  stimulation.  At  present,  it  is  unclear  whether  or  not 
KC1  challenge  had  anything  to  do  with  the  depressed 
basal  level  of  HVA.  In  any  event,  chloral  hydrate  an¬ 
esthesia  increased  the  basal  level  of  HVA  and  prevented 
the  decrease  in  extracellular  HVA  observed  in  freely 
moving  rats.  Westerink  and  Kikkert  (20)  reported  that 
chloral  hydrate  inhibited  the  efflux  of  DOPAC  and  HVA 
from  the  brain,  with  HVA  being  more  sensitive  to  in¬ 
hibition.  This  inhibitory  effect  of  chloral  hydrate  on  the 
transport  of  HVA  from  the  brain  may  also  explain  the 
observed  difference  in  basal  HVA  between  freely  mov¬ 
ing  and  chloral  hydrate-anesthetized  rats. 

In  this  study,  surgical  implantation  of  microdialysis 
probes  in  chloral  hydrate-anesthetized  rats  was  per¬ 
formed  approximately  1.5  h  before  sample  collection  in¬ 
stead  of  inserting  probes  through  guide  cannulas 
implanted  3  days  before  experimentation,  as  was  done 
in  freely  moving  rats.  The  rationale  for  this  acute  im¬ 
plantation  was  to  reproduce  the  experimental  design 
used  frequently  in  microdialysis  studies  with  chloral  hy¬ 
drate-anesthetized  rats.  Therefore,  the  possible  contri¬ 
bution  of  acute  surgery  to  the  changes  in  striatal  DA  and 
its  metabolites  following  chloral  hydrate  anesthesia  can¬ 
not  be  ruled  out. 

In  summary,  our  results  demonstrate  that  chloral 
hydrate  can  interfere  with  the  pharmacological  response 
of  the  striatal  dopaminergic  system,  and  imply  that  cau¬ 
tion  should  be  taken  in  extrapolating  results  from  anes¬ 
thetized  rats  to  conscious  rats.  Additional  studies 
involving  the  use  of  various  agents,  such  as  nomifensine 
(a  DA  uptake  inhibitor),  spiperone  (a  D2  antagonist) 
and/or  2-hydroxysaclofen  (a  GAB AB  antagonist)  to  stim¬ 


ulate  DA  release  through  different  mechanisms,  are 
needed  to  further  characterize  the  effect  of  chloral  hy¬ 
drate  on  striatal  dopaminergic  transmission. 
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The  time-course  effect  of  ionizing  radiation  on  the  levels  of 
basal  and  KCl-stimulated  striatal  release  of  dopamine  (DA)  was 
examined  in  vivo  using  microdialysis  techniques.  The  basal  level 
of  extracellular  DA  in  sham-irradiated  controls  was  0.172  ±  0.042 
pmol/sample  {n  =  9),  and  it  increased  7.1-fold  after  the  stimula¬ 
tion  by  30  m M  KCI  (20  pi).  However,  the  release  of  dihydrox- 
yphenylacetic  acid  (DOPAC)  and  homovanillic  acid  (HVA),  two 
metabolites  of  DA,  was  reduced  significantly  by  30  m M  KCI  (P  < 
0.05).  In  the  presence  of  10  pM  forskolin,  an  activator  of  adenyl¬ 
ate  cyclase,  a  second  stimulation  by  30  m M  KCI  increased  the 
release  of  DA  6.9-fold.  Radiation  exposure,  at  a  dose  of  10  Gy  at 
10  Gy/min,  had  no  significant  effect  on  the  levels  of  either  basal 
or  KCl-stimulated  release  of  DA  or  on  the  release  of  DOPAC  and 
HVA.  Striatal  DA  release  increased  in  response  to  two  consecu¬ 
tive  challenges  of  KCI.  However,  the  release  of  DA  in  response  to 
the  second  challenge  of  KCI  was  significantly  smaller  than  that 
after  the  first  challenge  (543  ±  110%  compared  to  794  ±  164%, 
P  <  0.05;  Student’s  paired  t  test).  Pretreatment  with  10  pM 
forskolin,  which  by  itself  had  no  significant  effect  on  the  level  of 
basal  release  of  DA,  prevented  the  decreased  response  of  DA  to 
the  second  challenge  of  KCI.  Our  results  suggest  that  radiation 
exposure  at  the  dose  we  used  has  no  significant  effect  on  the  level 
of  the  basal  release  of  DA  or  the  release  of  DA  stimulated  by 
30  m M  KCI  in  the  rat  striatum,  and  that  a  reduced  release  of  DA 
in  response  to  repeated  KCI  stimulation  might  involve  the  cAMP 

effector  system.  ©  1996  by  Radiation  Research  Society 


INTRODUCTION 

Studies  with  animals  including  non-human  primates 
have  suggested  that  exposure  to  high  doses  of  ionizing 
radiation  resulted  in  deficits  in  psychomotor  performance 
(7, 2).  The  mechanisms  involved  in  these  radiation-induced 
behavioral  changes  are  not  well  understood.  Electrophysi- 
ological  studies  have  revealed  significant  neurophysiologi¬ 
cal  changes  after,  acute  radiation  exposure.  Within  hours 
whole-body  exposure  to  10  Gy  or  less  of  y  radiation 
resulted  in  a  modified  synaptic  efficacy  and  spike  genera¬ 


tion  ability  in  guinea  pig  hippocampus  (3).  Electrophysio- 
logical  changes  in  hippocampal  neurons  were  also 
observed  after  in  vitro  exposure  to  y  or  X  radiations  (4,  5). 
Since  a  number  of  behavioral  and  neurological  abnormali¬ 
ties  have  been  associated  with  functional  changes  in  synap¬ 
tic  transmission  in  the  brain,  it  is  possible  that  radiation 
might  disturb  the  synaptic  transmission  of  specific  neuro¬ 
transmitters  in  discrete  areas  of  the  brain. 

Exposure  to  ionizing  radiation  reduces  voltage-dependent 
calcium  influx  in  rat  brain  synaptosomes  in  vitro  ( 6 ).  Because 
calcium  influx  is  essential  during  voltage-dependent  neuro- 
transmitter  release  (7),  radiation  exposure  could  affect  neu¬ 
rotransmitter  release  adversely.  In  fact,  exposure  of  rats  to 
high-energy  iron  particles  at  doses  in  the  range  of  0.1-5.0  Gy 
has  been  shown  to  result  in  a  profound  decrement  in  the 
oxotremorine-enhanced,  KCl-evoked  in  vitro  release  of 
dopamine  (DA)  from  perfused  striatal  slices  ( 8 )  and  in  the 
concentrations  of  3-methoxytyramine  (3-MT),  a  metabolite 
of  DA,  in  the  caudate  nucleus  (9)  dissected  from  these  ani¬ 
mals.  In  the  present  study,  we  examined  the  time-course 
effect  of  ionizing  radiation  on  the  levels  of  the  basal  and 
KCl-stimulated  striatal  release  of  DA  in  vivo  using  micro¬ 
dialysis  techniques.  Since  Westfall  et  al.  (10)  and  Lee  et  al} 
have  reported  that  cyclic  AMP  (cAMP)  may  play  a  role  in 
regulating  release  of  DA  in  rat  neostriatal  slices  in  vitro ,  we 
also  examined  striatal  release  of  DA  in  the  absence  and 
presence  of  forskolin,  an  activator  of  adenylate  cyclase  (11). 

METHODS 

Drugs.  Chloral  hydrate  and  standards  for  DA,  dihydroxyphenylacetic 
acid  (DOPAC)  and  homovanillic  acid  (HVA),  were  purchased  from 
Sigma  Chemical  Co.  (St.  Louis,  MO).  All  other  reagents  were  analytical 
grade.  Forskolin  (Research  Biochemicals,  Inc.,  Natick,  MA)  was  initially 
dissolved  in  dimethyl  sulfoxide  and  diluted  in  artificial  cerebrospinal 
fluid  (aCSF)  to  the  final  concentration. 


'H.  Lee,  V.  Reid  and  M.  H.  Weiler,  Effects  of  forskolin  on  dopamine 
and  acetycholine  release  in  rat  neostriatal  slices.  Abstract,  20th  Neuro¬ 
science  Meeting,  St.  Louis,  MO,  1990. 
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TABLE  I 

Levels  of  Basal  Release  of  DA  and  Metabolites 


(pmol/sample)  in  the  Striatum  of  Control  Rats 
and  of  Rats  on  Days  1,  2,  4  and  6  after 
Radiation  Exposure  at  a  Dose  of  10  Gy 


and  a  Dose  Rate  of  10  Gy/min 

Group 

n 

DA 

DOPAC 

HVA 

Controls 

9 

0.172  ±  0.042 

26.8  ±  2.1 

21.0  ±1.1 

Irradiated  rats 

Day  1 

4 

0.186  ±  0.088 

21.7  ±  2.2 

17.8  ±1.0 

Day  2 

7 

0.071  ±  0.021" 

27.7  ±  1.2 

20.5  ±  0.7 

Day  4 

5 

0.096  ±  0.028 

23.8  ±3.2 

17.1  ±2.3 

Day  6 

4 

0.148  ±  0.044 

24.7  ±  2.3 

20.8  ±  1.2 

Note.  Values  are  mean  ±  SEM. 

an  -  6. 


Animals .  Male  Sprague-Dawley  Crl:CD(SD)BRD  rats  (Charles 
River  Breeding  Laboratories,  Kingston,  NY)  weighing  250-450  g  were 
used  in  these  experiments.  The  rats  were  housed  in  an  AAALAC- 
accredited  animal  facility  with  a  12-h  lightidark  cycle  and  were  allowed 
access  to  commercial  rodent  chow  (Wayne  Rodent  Blok,  Continental 
Grain  Co,,  Chicago,  IL)  and  water  ad  libitum. 

Radiation  exposure.  Rats  were  exposed  bilaterally  to  60Co  y  radiation 
as  described  previously  (12),  except  that  a  dose  of  10  Gy  at  a  dose  rate  of 
10  Gy/min  was  used.  Sham-irradiated  rats  served  as  controls.  The  dose 
rate  was  established  using  an  acrylic  rat  phantom.  Dosimetry  was  per¬ 
formed  in  accordance  with  the  AAPM  protocol  (13)  using  a  0.5-ml  tis¬ 
sue-equivalent  ion  chamber  whose  calibration  was  traceable  to  the 
National  Institute  of  Standards  and  Technology. 

Implantation  and  perfusion.  Microdialysis  was  performed  according  to 
Glue  et  al.  (14)  with  a  CMA  10  microdialysis  probe  (2-mm  tip,  Carnegie 
Medicin,  Stockholm)  in  rats  under  chloral  hydrate  anesthesia  (400  mg/kg, 
ip).  Small  supplements  of  chloral  hydrate  maintained  the  depth  of  anes¬ 
thesia  at  a  level  where  corneal  reflexes  were  abolished.  The  probe  was 
inserted  stereotaxically  through  a  small  burr  hole  in  the  skull  into  the 
right  striatum  (A:  +9.9,  L:  +3.0,  and  V:  +3.0  mm  relative  to  interaural 
zero)  according  to  the  atlas  of  Paxinos  and  Watson  (15)  and  perfused  with 
aCSF  at  a  flow  rate  of  2  pl/min.  The  aCSF  contained  147.3  m M  NaCl, 
2.3  mill  CaCl2  and  4.0  m M  KCI.  Sample  collection  was  started  1  h  after 
probe  insertion  (time  0)  when  the  basal  level  of  extracellular  DA  was  sta¬ 
bilized,  and  was  collected  every  12.5  min  in  vials  containing  2.5  pi  of  0.05  M 
perchloric  acid.  The  location  of  probes  was  confirmed  by  visual  examina¬ 
tion  of  frozen  brain  sections  at  the  end  of  each  experiment. 

Experimental  protocols.  In  the  first  study,  the  time-course  effect  of 
ionizing  radiation  on  striatal  release  of  DA  was  examined  in  rats  on  days 
1,  2,  4  and  6  after  radiation  exposure.  Sham-irradiated  rats  served  as  con¬ 
trols.  The  striatal  tissue  was  perfused  with  aCSF  during  the  first  half  of 
the  experiment.  After  four  samples  were  collected,  10  p M  forskolin  was 
then  administered  locally  through  the  microdialysis  probe,  and  four  addi¬ 
tional  samples  were  collected.  The  KCI  (30  m M  for  10  min)  was  also  per¬ 
fused  locally  through  the  same  probe  at  15  min  and  again  at  65  min  to 
stimulate  release  of  DA.  Administration  of  drugs  was  facilitated  by  a 
CMA  110  liquid  switch.  The  effect  of  forskolin  on  KCl-stimulated  release 
of  DA  was  examined  further  in  the  second  study.  Rats  were  divided  ran¬ 
domly  into  two  groups.  The  striatal  tissue  of  rats  in  the  first  group  was 
perfused  with  aCSF  throughout  the  whole  experiment.  In  the  second 
group,  rats  were  perfused  with  aCSF  during  the  first  half  of  the  experi¬ 
ment  and  then  perfused  with  aCSF  containing  10  p M  forskolin  in  the  sec¬ 
ond  half  of  the  experiment  as  described  previously.  The  KCI  was  per¬ 
fused  at  15  min  and  again  at  65  min. 

Neurotransmitter  analysis.  Microdialysis  samples  (20  pi)  were  injected 
immediately  after  collection  into  a  high-pressure  liquid  chromatography 


FIG.  1.  Time-course  effects  of  ionizing  radiation  on  the  levels  of 
basal  and  KCl-stimulated  release  of  DA  in  rat  striatum  in  the  absence 
and  presence  of  10  p M  forskolin.  (O)  Controls,  (A)  day  2,  (•)  day  4, 
(■)  day  6.  Data  shown  are  mean  ±  SEM  of  four  to  nine  rats.  <  0.05 
compared  to  basal  release  in  all  groups. 


system  with  electrochemical  detection  (BAS  200,  Bioanalytical  System, 
West  Lafayette,  IN).  Mobile  phase  was  prepared  according  to  Chiueh  et 
al.  (16)  and  was  delivered  through  a  15-cm  C-18  3-pm  reverse-phase  col¬ 
umn  (Varian  Associates,  Sunnyvale,  CA)  at  1.0  ml/min.  Samples  from 
the  second  study  were  analyzed  with  a  25-cm  Beckman  Ultrasphere  IP  5-pm 
reverse-phase  column  (Thomson  Instrument  Co.,  Springfield,  VA).  The 
glassy  carbon  electrode  was  maintained  at  +0.72  V  relative  to  an 
Ag/AgCl  reference  electrode. 

Data  analysis.  All  results  are  presented  as  mean  ±  SEM.  The  mean 
neurotransmitter  concentrations  of  the  initial  two  baseline  samples  were 
taken  as  basal  release.  Releases  of  monoamines  and  metabolites  after 
administration  of  KCI  and/or  forskolin  were  expressed  as  percentage  of 
basal  release.  Comparisons  of  the  level  of  the  basal  release  among  differ¬ 
ent  groups  and  the  percentage  change  after  treatment  with  KCI  and/or 
forskolin  in  each  group  were  made  by  one-way  analysis  of  variance. 
Significant  differences  were  determined  by  using  Bonferroni  simultane¬ 
ous  confidence  intervals  for  all  comparisons.  In  the  second  study,  the  dif¬ 
ferences  between  the  first  and  second  KCl-stimulated  releases  of  DA 
were  analyzed  using  Student’s  paired  t  test.  The  second  KCl-stimulated 
DA  peaks  were  also  expressed  as  the  percentage  of  the  first  DA  peaks, 
and  the  differences  between  groups  were  determined  using  Student’s  t 
test.  The  significance  level  was  set  at  P  <  0.05. 

RESULTS 

Table  I  shows  the  levels  of  basal  release  of  striatal  DA 
and  the  extracellular  levels  of  metabolites  in  controls  and  in 
rats  after  exposure  to  ionizing  irradiation.  Radiation  expo¬ 
sure  had  no  significant  effect  on  the  levels  of  basal  release 
of  either  DA  or  its  metabolites  in  the  striatum. 

Figure  1  shows  the  time-course  effects  of  ionizing  radia¬ 
tion  on  the  levels  of  basal  and  KCl-stimulated  release  of 
DA  in  the  absence  and  presence  of  10  \xM  forskolin.  For 
clarity  of  viewing,  data  from  rats  on  day  1  after  irradiation 
are  not  shown  in  this  figure  or  in  Figs.  2  and  3.  In  controls, 
there  was  a  significant  increase  (7.1 -fold)  in  release  of  DA 
(P  <  0.05)  after  the  first  administration  of  30  m M  KCI.  In 
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FIG.  2.  Time-course  effects  of  ionizing  radiation  on  basal  and  KC1- 
reduced  extracellular  DOPAC  levels  in  rat  striatum  in  the  absence  and 
presence  of  10  \\M  forskolin.  (O)  Controls,  (A)  day  2,  (•)  day  4,  (■)  day 
6.  Data  shown  are  mean  ±  SHM  of  4-9  rats.  *P  <  0.05  compared  to  basal 
levels  in  controls  and  in  rats  2  days  after  irradiation. 


the  presence  of  10  ju M  forskolin,  the  second  challenge  of 
30  m M  KC1  increased  release  of  DA  6.9-fold  (P  <  0.05). 
There  was  no  significant  difference  in  the  levels  of  either 
the  basal  or  KCl-stimulated  release  of  DA  in  the  absence  or 
presence  of  forskolin  between  controls  and  irradiated  rats. 

The  time-course  effects  of  ionizing  radiation  on  extracel¬ 
lular  levels  of  DOPAC  and  HVA  in  the  absence  and  pres¬ 
ence  of  10  ju M  forskolin  are  shown  in  Figs.  2  and  3,  respec¬ 
tively.  The  basal  levels  of  DOPAC  and  HVA,  two  metabo¬ 
lites  of  DA,  were  reduced  by  30  m M  KC1  in  all  groups 


FIG.  4.  Striatal  release  of  DA  in  response  to  two  consecutive  chal¬ 
lenges  of  30  m M  KC1  in  male  rats.  Data  shown  are  mean  ±  SEM  of  13 
rats.  *P  <  0.05  compared  to  the  first  DA  peak  (Student’s  paired  t  test). 


studied;  however,  decreases  in  DOPAC  and  HVA  were 
statistically  significant  (P  <  0.05)  only  in  controls  and  in  rats 
on  day  2  after  irradiation.  Forskolin  had  no  significant 
effect  on  extracellular  levels  of  DOPAC  and  HVA.  Radia¬ 
tion  exposure  also  had  no  significant  effect  on  the  level  of 
either  the  basal  or  KCl-induced  decrease  in  extracellular 
levels  of  DOPAC  and  HVA. 

Striatal  releases  of  DA  in  normal  rats  increased  in 
response  to  two  consecutive  challenges  with  KC1  (Fig.  4). 
However,  the  release  of  DA  in  response  to  the  second  chal¬ 
lenge  with  KC1  was  significantly  smaller  than  after  the  first 
challenge  (543  ±  110%  compared  to  794  ±  164%;  P  <  0.05). 
In  the  control  group,  the  second  DA  peak  in  response  to 
KC1  stimulation  was  only  66  ±  7%  (n  =  5)  of  the  first  DA 


FIG.  3.  Time-course  effects  of  ionizing  radiation  on  basal  and  KCI- 
reduced  extracellular  HVA  levels  in  rat  striatum  in  the  absence  and  pres¬ 
ence  of  10  \\M  forskolin.  (O)  Controls,  (A)  day  2,  (•)  day  4,  (■)  day  6. 
Data  shown  are  mean  ±  SEM  of  4-9  rats.  *P  <  0.05  compared  to  basal 
levels  in  controls  and  in  rats  2  days  after  irradiation. 
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FIG.  5.  Effects  of  10  \xM  forskolin  on  release  of  DA  in  response  to 
the  second  challenge  of  30  mM  KC1  in  male  rats.  Data  shown  are  mean  ± 
SEM  of  5-13  rats  and  are  expressed  as  the  percentage  of  the  first  DA 
peak.  <  0.05  compared  to  controls. 
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peak  (Fig.  5).  Pretreatment  with  forskolin,  which  by  itself 
had  no  significant  effect  on  release  of  DA  (data  not  shown), 
prevented  the  decreased  response  of  DA  to  the  second 
challenge  with  KC1  (P  <  0.05  compared  to  controls). 

DISCUSSION 

To  our  knowledge,  this  is  the  first  study  to  examine  the 
time-course  effects  of  7  radiation  on  striatal  DA  efflux  in 
vivo.  Our  results  suggest  that  exposure  of  rats  to  7  radia¬ 
tion  at  the  dose  we  used  has  no  significant  effect  on  the 
level  of  the  basal  or  the  KCl-stimulated  release  of  DA  and 
its  metabolites  in  the  rat  striatum.  However,  it  has  been 
reported  that  striatal  tissue  from  rats  irradiated  with 
150  Gy  of  7-ray  photons  released  significantly  more  DA  in 
vitro  in  response  to  30  m M  KC1  stimulation  than  that  from 
sham-irradiated  controls  in  the  presence  of  various  concen¬ 
trations  of  haloperidol  (17).  Furthermore,  exposure  of  rats 
to  a  single  dose  of  100  Gy  of  high-energy  electrons  was 
shown  to  induce  an  immediate  and  transient  increase  in 
KCl-stimulated  release  of  DA  in  vitro  in  rat  caudate 
nucleus  (18).  Reports  from  this  laboratory  also  suggest  that 
high-energy  iron  particles  are  more  effective  than  high- 
energy  electrons  or  7-ray  photons  in  inducing  neural 
changes  in  rats  (8,  9).  The  discrepancy  between  our  results 
and  those  reported  earlier  could  have  been  due  to  the  use 
of  different  techniques,  different  radiation  sources  and/or 
different  doses  of  7  radiation.  However,  our  results  do  not 
rule  out  the  possibility  that  the  release  of  DA  stimulated 
by  other  agents  through  a  receptor-mediated  event  can  be 
affected  by  the  radiation. 

Administering  a  high  concentration  of  KC1  resulted  in  a 
decrease  in  extracellular  levels  of  DOPAC  and  HVA  in  all 
groups,  which  was  in  agreement  with  an  earlier  study 
reported  by  Fairbrother  et  al.  (19).  The  mechanism  involved 
in  this  KCl-induced  decrease  in  extracellular  metabolite 
levels  is  unclear.  It  is  possible  that  depletion  of  newly  syn¬ 
thesized  intracellular  DA  due  to  increased  release  by  a 
high  concentration  of  KC1  leads  to  the  decrease  in  extra¬ 
cellular  levels  of  its  metabolites  because  extracellular 
DOPAC  is  believed  to  be  derived  predominantly  from 
newly  synthesized  DA  (20). 

A  reduced  DA  efflux  in  response  to  the  second  KC1 
stimulation  observed  in  this  study  confirmed  an  early  study 
reported  by  Ng  Cheong  Ton  et  al.  (21).  However,  the  mech¬ 
anism  involved  in  this  reduced  response  by  DA  to  repeated 
KC1  challenge  is  not  known.  Lee  et  al }  reported  that 
forskolin,  which  induced  a  dose-dependent  increase  in 
cAMP,  increased  KCl-stimulated  release  of  DA  in  a  dose- 
dependent  manner  in  vitro  in  rat  neostriatal  slices.  In  this 
study  we  found  that  forskolin  (10  pM),  which  had  no  signifi¬ 
cant  effect  on  the  levels  of  basal  release  of  DA,  prevented 
the  reduced  DA  response  to  the  second  challenge  with  KC1 
in  rat  striatum.  It  is  possible  that  increased  efflux  of  DA  in 
response  to  the  first  KC1  stimulation  acts  on  the  presynaptic 
D2  autoreceptor  that  is  negatively  coupled  to  adenylate 


cyclase  through  the  guanyl  nucleotide  regulatory  protein  Gi 
(22).  Since  cAMP  has  been  suggested  to  be  involved  in 
mechanisms  that  increase  striatal  release  of  DA,  decreased 
cAMP  by  activation  of  D2  receptors  could  explain  the 
reduced  response  in  DA  efflux  to  the  second  challenge  of 
KC1.  Forskolin  has  been  known  to  activate  adenylate 
cyclase  (11).  Therefore,  prior  to  the  second  stimulation  of 
KC1,  perfusion  of  forskolin  restored  the  striatal  DA 
response  to  the  second  challenge  of  KC1.  It  would  be  inter¬ 
esting  to  see  whether  or  not  pretreatment  with  specific  D2 
blockers  can  also  prevent  the  degraded  DA  response  to 
repeated  stimulation  with  KC1. 

In  summary,  our  study  shows  that  radiation  exposure  at 
the  dose  we  used  has  no  significant  effect  on  the  level  of 
basal  release  of  DA  or  release  of  DA  stimulated  by  30  mJlf 
KC1  in  the  striatum.  Our  data  suggest  that  a  reduced  release 
of  DA  in  response  to  repeated  KC1  stimulation  might 
involve  the  cAMP  effector  system. 
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Helicobacter  pylori  can  establish  chronic  infection  in  the  human  gastric  mucosa,  and  it  is  a  major  cause  of  pep¬ 
tic  ulcer  disease  and  a  principal  risk  factor  for  gastric  cancer.  This  creates  a  need  for  H.  pylori  infection  models 
that  mimic  the  human  condition.  To  test  the  suitability  of  rhesus  monkeys  as  infection  models,  H.  pylori- free 
animals  were  inoculated  intragastrically  with  mixtures  of  H.  pylori  strains,  bacteria  recovered  from  colonized 
animals  were  typed  by  arbitrarily  primed  PCR,  and  host  inflammatory  and  immunologic  responses  were 
monitored.  Among  five  H.  pylori- free  animals  inoculated  with  a  mixture  of  two  human  strains  plus  one  monkey 
strain,  one  became  persistently  infected  and  one  became  only  transiently  infected.  The  recovered  bacteria 
matched  the  monkey  input  strain  in  DNA  fingerprint.  A  subsequent  trial  using  two  new  human  isolates  and 
three  animals  that  had  resisted  colonization  by  the  monkey  strain  resulted  in  persistent  infection  in  one  animal 
and  transient  infection  in  two  others.  Antral  gastritis,  anti -H.  pylori  serum  immunoglobulin  G,  and  atrophy  all 
increased,  but  with  patterns  that  differed  among  animals.  We  conclude  that  (i)  rhesus  monkeys  can  be  infected 
experimentally  with  H.  pylori ,  (ii)  individuals  differ  in  susceptibility  to  particular  bacterial  strains,  (iii)  infec¬ 
tions  may  be  transient,  and  (iv)  the  fitness  of  a  particular  strain  for  a  given  host  helps  determine  the 
consequences  of  exposure  to  that  strain. 


Helicobacter  pylori,  a  common  bacterial  pathogen  of  humans, 
is  the  principal  cause  of  chronic  active  gastritis  and  peptic  ulcer 
disease  and  a  risk  factor  for  gastric  cancer,  even  though  most 
infections  are  asymptomatic  (3,  4,  41).  Once  established,  most 
infections  last  for  years  and  rarely  cure  spontaneously,  al¬ 
though  they  usually  can  be  cured  by  antimicrobial  therapy. 
Infection  also  increases  the  risk  of  other  diseases,  such  as 
cholera  (8)  and  persistent  diarrhea  (44).  H.  pylori  is  a  very 
diverse  species,  and  it  is  possible  that  the  range  of  outcomes 
following  infection  reflects  differences  in  bacterial  genotypes, 
as  well  as  human  host  genotypes  and  environmental  factors. 

Much  of  our  understanding  of  H.  pylori-host  interactions  has 
come  from  hundreds  of  studies  of  humans  with  well-estab¬ 
lished  infections,  often  identified  during  population  screens  or 
because  of  persistent  gastroduodenal  disease  symptoms.  Frag¬ 
mentary  data  indicate  major  differences  between  such  chronic 
(established)  infections  and  the  early  (acute)  phase  when  a 
person  is  just  being  colonized  (3,  17,  27,  29,  32-34).  Acute 
infections  are  particularly  difficult  to  analyze  in  people,  how¬ 
ever,  because  experimental  human  infection  is  unethical  and 
early  stages  of  natural  infections  do  not  usually  receive  medical 
attention.  This  emphasizes  the  special  need  for  human-like  H. 
pylori  infection  models. 

The  importance  of  H.  pylori  has  spurred  development  of 
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several  animal  models  for  studies  of  Helicobacter  infection.  Of 
particular  interest  are  (i)  gnotobiotic  newborn  piglets,  which 
arc  easily  infected  by  H.  pylori  of  human  origin  (2,  23)  but  are 
best  suited  for  short-term  studies;  (ii)  mice  and  ferrets,  which 
can  be  colonized  for  months  and  years,  respectively,  although 
most  easily  by  Helicobacter  species  other  than  H.  pylori  (16,  24); 

(iii)  certain  domestic  cats,  which  can  carry  H.  pylori  (20);  and 

(iv)  particular  strains  of  mice,  which  can  be  colonized  by  se¬ 
lected  H.  pylori  strains  (26,  30).  Each  of  these  models,  although 
useful,  is  also  limited  by  major  differences  from  humans  in 
gastric  anatomy,  physiology,  diet,  immune  or  inflammatory 
responses,  technical  difficulty  of  endoscopy,  and/or  short-term 
life  span.  It  is  in  this  context  that  nonhuman  primates  are  of 
particular  interest,  especially  for  studies  of  subtle  bacterial  and 
host-specific  factors  that  affect  colonization  or  the  emergence 
and  progression  of  gastroduodenal  disease. 

Of  the  several  primate  species  studied  (6,  7,  15,  18,  21,  42, 
43),  rhesus  monkeys  appeared  most  promising  because  of  their 
worldwide  availability,  moderate  size,  and  large  repertoire  of 
useful  immunological  reagents,  and  the  knowledge  base  gained 
through  years  of  study.  H.  pylori  is  enzootic  in  at  least  some 
rhesus  monkey  colonies,  including  that  from  which  the  animals 
used  in  this  study  come  (10,  12,  14).  More  than  half  of  such 
animals  become  colonized  by  2  years  of  age,  although  some 
remain  uninfected  for  many  years  (13).  This  high  incidence  of 
infant  infection  resembles  epidemiologic  patterns  among  the 
very  poor  in  developing  countries  and  even  in  the  United 
States  and  Western  Europe  (19,  31,  38).  It  is  also  noteworthy 
that  H.  /?y/or/-infected  rhesus  monkeys  exhibit  atrophy,  micro¬ 
erosions,  and  loss  of  mucus  reminiscent  of  those  seen  in  hu- 


2885 


2886 


DUBOIS  ET  AL. 


Infect.  Immun. 


TABLE  1.  Characteristics  of  H.  pylori  strains  used  in  the  study 


Strain  no.  [other  name] 

(reference) 

Source 

Phenotype" 

Trial(s)  in 
which  used 

H,  [92-26]" 

Patient  with  non-ulcer  dyspepsia 

CagA+  Tox+ 

1  and  2 

PL  [88-23  or  ATCC-49503]  (9) 

Patient  with  non-ulcer  dyspepsia 

CagA+  Tox+ 

1  and  2 

H,  [U-lf 

Patient  with  duodenal  ulcer 

Unknown 

3 

H4  [U-2]c 

Patient  with  gastric  ulcer 

CagA'*'  Tox“ 

3 

M,  [788-2]c 

Monkey  with  gastritis 

CagA+  Tox+ 

1  and  2 

"  Production  of  the  cagA -encoded  high-molecular-weight  protein  and  of  the  vacuolating  cytotoxin  (9,  45). 

h  Isolated  at  Vanderbilt  University  School  of  Medicine,  Nashville,  Tcnn. 

c'  Isolated  at  the  Uniformed  Services  University  of  the  Health  Sciences,  Bethesda,  Md. 


mans  (12,  14)  and  that  peptic  ulcers  and  gastric  cancer  also 
have  been  reported  in  them  (36,  37). 

Experimental  infection  of  rhesus  monkeys  has  been  tried 
several  times.  In  one  trial,  one  of  five  animals  inoculated  with 
a  strain  of  human  origin  was  reported  to  have  become  infected, 
but  the  recovered  strain  did  not  match  the  input  strain  in  its 
DNA  fingerprint  (15).  In  another  trial,  each  of  five  monkeys 
inoculated  with  a  strain  of  monkey  origin  became  infected,  and 
the  recovered  strains  were  said  to  match  the  input  strain  in 
DNA  fingerprint,  but  no  data  supporting  this  interpretation 
were  presented  (15).  Experimental  infection  of  Japanese  mon¬ 
keys  and  chimpanzees  have  been  reported,  but  without  DNA 
fingerprinting  data  to  show  whether  the  recovered  strains 
matched  those  used  for  inoculation  (21,  42). 

Here  we  report  experimental  infection  of  colony-raised  H. 
pylori- free  rhesus  monkeys,  with  DNA  fingerprinting  that  iden¬ 
tifies  input  and  recovered  strains,  and  describe  immediate  and 
long-term  inflammatory  and  immune  responses  to  infection. 

MATERIALS  AND  METHODS 

Inocula.  Five  different  H.  pylori  strains  were  used  in  these  experiments  (Table 
1).  Primary  isolates  were  stored  at  -70°C  in  saline  or  brucella  broth  with  20% 
glycerol.  Two  days  before  inoculation  of  monkeys,  the  strains  were  transferred  to 
flasks  containing  25  ml  of  brain  heart  infusion  broth  plus  4%  fetal  calf  scrum, 
which  were  then  incubated  with  shaking  for  2  days  in  an  atmosphere  of  90%  N2, 
5%  02,  and  5%  C02.  On  the  day  of  inoculation,  the  cultures  were  centrifuged  at 
4°C  and  resuspended  in  brucella  broth  at  10s  to  109  H.  pylori  CFU/ml  and  mixed 
when  indicated. 

Animals.  The  experiments  reported  herein  were  conducted  according  to  the 
principles  set  forth  in  Guide  for  the  Care  and  Use  of  Laboratory  Animals  (21a).  All 
experiments  were  approved  by  the  Armed  Forces  Radiobiology  Research  Insti¬ 
tute  Institutional  Animal  Care  and  Use  Committee  and  monitored  and  rcap- 
proved  yearly.  Eight  domestic  male  rhesus  monkeys  {Macaco  mulatto)  that  were 
2  to  5  years  old,  weighed  2  to  5  kg,  had  not  been  in  previous  research  protocols, 
and  were  free  of  H.  pylori  by  culture  and  histology  were  used.  They  had  been 
bred,  reared,  and  socially  housed  cither  in  indoor  gang  cages,  in  outdoor  corrals, 
or  in  a  large  free-ranging  colony  on  a  sea  island  (Laboratory  Animals  Breeders 
and  Services,  Ycmasscc,  S.C.). 

Upon  arrival  at  our  facility  in  Bethesda,  Md.,  monkeys  were  quarantined  for 
90  days  in  individual  stainless  steel  cages  in  conventional  holding  rooms  of  an 
animal  facility  approved  by  the  American  Association  for  Accreditation  of  Lab¬ 
oratory  Animal  Care  and  were  provided  with  tap  water  ad  libitum,  commercial 
primate  chow,  and  fruits.  They  were  tested  by  three  intradcrmal  tuberculin 
injections  at  2-week  intervals;  all  were  negative.  After  release  from  quarantine, 
they  were  kept  in  equivalent  individual  housing.  Endoscopies  were  performed 
between  8:00  and  12:00  a.m.  after  overnight  fasts  (see  below). 

Endoscopic  procedures  and  biopsies.  Monkeys  underwent  gastroduodenal 
endoscopic  examination  under  general  anesthesia  (atropine  sulfate,  0.02  mg/kg 
intramuscularly  followed  by  ketamine  HCI,  10  mg/kg  intramuscularly),  using  an 
EG2700  Pcntax  (Orangeburg,  N.Y.)  videogastroscopc  with  an  outer  diameter  of 
9.0  mm.  After  each  endoscopy,  the  equipment  was  rinsed  with  water  and  then 
disinfected  by  soaking  for  10  min  in  an  activated  dialdchydc  solution  of  a  2% 
glutaraldehyde  solution  (Cidex;  Johnson  &  Johnson  Medical,  Inc.,  Arlington, 
Tex.);  the  instruments  were  then  rinsed  sequentially  with  sterile  water  and  70% 
alcohol  and  air  dried.  Six  pinch  mucosal  biopsies  each  of  the  gastric  corpus  and 
antrum  were  taken  from  each  animal. 

Histologic  examination.  Two  biopsies  each  from  the  corpus  and  antrum  were 
fixed  in  neutral  10%  buffered  formalin  and  embedded  in  paraffin.  Five-micromc- 
ter-thick  sections  were  stained  with  hematoxylin  and  eosin  (H&E)  and  viewed 
under  x  100  to  X  1,000  magnification.  Antral  gastritis  was  scored  on  coded  slides, 


using  a  scale  of  0  to  3  as  modified  from  reference  28  (0,  intact  mucosal  lining  and 
essentially  no  infiltration  of  the  lamina  propria  with  lymphocytes  and  plasma 
cells;  1,  mild  increase  of  mononuclear  infiltration,  localized  in  the  upper  half  of 
the  mucosa;  2,  mononuclear  infiltration  extending  from  the  surface  into  the 
lamina  propria;  3,  marked  mononuclear  infiltration  extending  from  the  surface 
into  the  lamina  propria  and  disrupting  the  structure  of  the  glands  and  leading  to 
atrophy,  and/or  polymorphonuclear  leukocytes  in  glands  and  surface  erosions). 
Slides  also  were  scored  for  the  presence  of  H.  pylori  infection  after  Warthin- 
Starry  or  H&E  plus  Gram  staining. 

Microbiological  methods.  Two  other  biopsies  each  from  the  corpus  and  an¬ 
trum  were  immediately  placed  in  0.1  ml  of  sterile  0.9%  NaCI  on  ice,  coded,  and 
homogenized  with  a  sterile  ground-glass  cone-shaped  pestle  fitting  a  tapered 
1.5-ml  Eppcndorf  tube.  An  aliquot  (1  to  2  pi)  was  streaked  on  Campylobacter 
chocolate  agar  plates  supplemented  with  trimethoprim,  vancomycin,  amphoter¬ 
icin  B,  and  polymyxin  B  (Rcmcl,  Lenexa,  Kans.)  and  incubated  at  37°C  in  an 
atmosphere  of  90%  N2,  5%  02,  and  5%  C02.  H.  pylori  isolates  were  identified 
as  forming  pinhead-sized  colonics  that  grew  within  7  to  10  days  and  had  ure¬ 
ase,  oxidase  (Bccton  Dickinson,  Cockeysville,  Md.),  and  catalase  activities  and  by 
microscopy  as  gram-negative  and  curved  or  “gull-wing”  rods.  The  two  remaining 
biopsies  from  each  region  of  the  stomach  were  immediately  placed  in  sterile  20% 
glycerol  in  0.9%  NaCI  and  frozen  at  -70°C  for  further  analyses. 

DNA  fingerprinting.  To  distinguish  among  H.  pylori  strains,  the  arbitrarily 
primed  PCR  or  random  amplified  polymorphic  DNA  (RAPD)  fingerprinting 
method  was  used  as  described  previously  (1,  5)  with  DNAs  purified  by  phenol 
extraction  from  cultures  of  individual  single  colony  isolates.  Four  arbitrary  prim¬ 
ers  were  used:  1247  (5'-AAGAGCCCGT),  1254  (5'-CCGCAGCCAA),  1281 
(5'-AACGCGCAAC),  and  1283  (5'-GCGATCCCCA)  (1).  After  PCR,  8-pl  ali¬ 
quots  were  clcctrophoresed  in  2%  agarose  gels  in  1  x  Tris  acetate  running  buffer 
containing  0.5  pg  of  ethidium  bromide  per  ml  and  photographed  under  UV  light. 
The  1  -kb  DNA  ladder  (Gibco-BRL,  Gaithersburg,  Md.)  was  used  as  a  size 
marker  in  all  gels. 

Measurement  of  H.  pylori- specific  plasma  IgG.  Five  milliliters  of  blood  was 
drawn  from  each  monkey  at  the  time  of  each  endoscopy  into  7-ml  tubes  con¬ 
taining  10.5  mg  of  EDTA  and  centrifuged,  and  the  supernatant  plasma  was 
frozen  at  -70°C.  Anti -H.  pylori  immunoglobulin  G  (IgG)  levels  in  the  plasma 
were  determined  blindly,  using  a  modification  of  a  previously  described  enzyme- 
linked  immunosorbent  assay  (ELISA)  with  >95%  sensitivity  and  specificity  for 
human  infection  (11,  39).  This  modified  ELISA  used  anti-monkey  antibody 
conjugates,  and  established  thresholds  provided  92%  specificity  and  85%;  sensi¬ 
tivity  for  infection  in  monkeys  (12).  Results  were  corrected  for  day-to-day  vari¬ 
ation  of  the  ELISA  and  expressed  as  optical  density  ratios.  All  assays  were  done 
at  least  in  duplicate. 

Inoculation  protocol.  Monkeys  were  treated  with  famotidine  (Pepcid;  Merck, 
Inc.,  West  Point,  Pa.;  2  mg/kg,  given  intramuscularly  14  and  1  h  before  inocula¬ 
tion)  to  suppress  acid  output.  After  an  overnight  fast,  the  animals  were  endo- 
scopcd  as  described  above,  phenol  red  was  sprayed  to  estimate  the  pH  of  the 
gastric  mucosa  (generally  a  pH  of  between  2  and  7),  and  5  ml  of  0.25  M  NaHC03 
was  introduced  onto  the  antrum  to  neutralize  gastric  acid.  A  suspension  of  10s  to 
l()y  CFU  of  H.  pylon  (1  ml  of  each  strain)  was  then  sprayed  onto  the  gastric 
antrum.  The  monkeys  were  rccndoscopcd  5  to  7  days  after  inoculation,  and 
generally  at  3-  to  5-wcck  intervals  thereafter,  at  which  time  biopsies  were  col¬ 
lected  and  plasma  was  also  obtained  for  measurement  of  IgG  levels.  To  use  these 
animals  most  efficiently,  some  that  had  been  inoculated,  but  in  which  H.  pylon 
had  not  become  established,  were  enrolled  in  a  subsequent  trial. 


RESULTS 

Colonization.  We  tested  whether  rhesus  monkeys  that  had 
somehow  evaded  natural  infection  despite  2  to  3  years  in  a 
high-risk  environment  could  be  experimentally  infected  with 
H.  pylori  strains  of  rhesus  monkey  (Mj)  or  human  (H,,  H2,  H3, 
and  H4)  origin  in  three  trials  (Table  2).  Eight  monkeys  that  had 
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TABLE  2.  Results  of  H.  pylori  inoculation 


Monkey  no." 


Colonization 

By  culture  By  histology 


Gastritis  score 
>2 


Serum  IgG 
>cutoff 


RAPD 

fingerprint 


Trial  1 

7N1 

None 

7MG 

None 

8R1 

None 

8RC 

None 

8V5 

None 

9A5 

None 

Trial  2h 

8RC 

1-12  mo 

8V5 

None 

9A5 

1  wk  only 

EOE 

None 

KJ2 

None 

Trial  3'' 

8V5 

1  wk  only 

9A5 

1  wk  only 

KJ2 

1  wk-9  mo 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

1-12  mo 

1.5-12  mo£ 

None 

1  wk-3  mo 

1-7  wk 

2-3  mo  only 

None 

3  mo  only 

None 

None 

None 

1  wk  only 

None 

None 

2  and  9  mo 

8-9  mo  only 

None 

None 

None 

None 

None 

2  mo  only 

2.5-12  mo 

M 

1  wk-6.5  mo 

1-4  mo  only 

3-4  mo  only 

None 

M 

1-2  mo  only 

h4 

1-2  mo  only 

h4 

3.5-9  mo 

H, 

"  Ages  of  monkeys  in  years:  E(IE,  2;  E5V,  2  to  3:  SRI,  3:  9A5.  8V5.  and  KJ2.  3  to  4:  7N1  and  7MG.  4;  SRC.  4  to  5 
’  8RC,  8V5,  and  9A5  were  rechallenged  3  months  after  the  beginning  of  trial  I:  EOE  and  KJ2  were  used  for  the  first  time 
Gastric  corpus  and  antral  atrophy  starting  at  9  months. 

,  /  KJ2,WaSfUS<:d  7  ,m?nths  uftuc,r  !hc  hcg'nnin£  °f  trial  2;  SV5  and  9A5  were  used  14  months  after  the  beginning  of  trial  2.  Inoculation  of  an  animal  with  a  natural 
ow-gradc  infection  led  to  establishment  of  the  inoculum  strain  and  also  emergence  of  new,  apparently  recombinant  strains. 


evaded  natural  infection  were  inoculated  with  various  H.  py¬ 
lori  strains  in  these  trials,  and  the  following  results  were  ob¬ 
tained. 

(i)  Trial  1.  Six  animals  were  inoculated  with  human  strain 

H, .  None  of  the  animals  was  judged  to  have  become  colonized 
by  it,  given  the  failure  to  culture  H.  pylori  from  any  of  32 
biopsies  taken  at  3-  to  5-weck  intervals  from  day  7  through  3 
months,  and  also  given  the  failure  to  detect  H.  pylori  by  mi¬ 
croscopy  in  Warthin-Starry-,  or  H&E-,  and/or  Gram-stained 
histologic  sections  from  16  other  biopsies  taken  at  the  same 
times.  In  consequence,  this  trial  was  discontinued. 

(ii)  Trial  2.  To  more  efficiently  assess  whether  any  H.  pylori 
strain  could  colonize  a  monkey  after  experimental  challenge, 
we  decided  to  use  a  mixture  of  several  strains,  each  of  which 
was  readily  distinguishable  by  DNA  fingerprinting.  Five  ani¬ 
mals  were  each  inoculated  with  a  mixture  of  Ul  (used  in  trial 
1),  H2  (another  human  isolate),  and  Mj  (an  isolate  from  a 
monkey).  Three  animals  (8RC,  8V5,  and  9A5)  were  from  trial 

I,  which  had  started  3  months  earlier,  and  the  other  two  (EOE 
and  KJ2)  had  not  been  used  previously. 

We  recovered  H.  pylori  from  biopsies  taken  a  week  after 
inoculation  from  two  of  the  three  animals  that  had  resisted 
infection  in  the  first  trial.  One  of  them  (SRC)  remained  in¬ 
fected  throughout  the  12  months  that  he  was  studied.  The 
other  (9A5)  was  judged  to  have  spontaneously  cured  his  infec¬ 
tion  by  3  months  after  inoculation,  as  judged  from  the  inability 
to  detect  H.  pylori  organisms  histologically  in  four  biopsies  or 
to  culture  them  from  any  of  eight  other  biopsies.  However, 
light  infection  was  still  evident  in  him  by  histologic  examina¬ 
tion,  but  not  by  culture,  at  4  and  7  weeks.  In  contrast,  neither 
the  third  animal  (8V5)  nor  either  of  the  two  new  animals  (EOE 
and  KJ2)  showed  any  sign  of  having  been  colonized  during  the 
3  months  of  observation. 

Since  each  input  strain  was  readily  distinguishable  from  the 
others  by  RAPE)  fingerprinting  (Fig.  1),  eight  representative 
isolates  taken  at  1  month  from  each  colonized  animal  were 
fingerprinted.  Each  isolate  tested  matched  the  input  strain  of 
monkey  origin;  none  matched  either  input  human  strain  (Fig. 
1).  These  results  indicate  that  while  some  monkeys  could  be 


infected  experimentally  with  an  enzootic,  monkey-adapted  H. 
pylori  strain,  other  animals  were  resistant  to  this  same  strain. 
Left  unsettled,  however,  was  the  issue  of  whether  colonization 
of  monkeys  by  H.  pylori  strains  of  human  origin  is  possible  or 
is  blocked  by  lack  of  appropriate  host  specificity  determinants. 

(iii)  Trial  3.  Two  of  the  monkeys  that  had  resisted  infection 
in  the  second  trial  (KJ2  and  8V5),  plus  the  monkey  that  had 
sustained  a  transient  infection  (9A5),  were  again  challenged 
with  H.  pylori ,  this  time  using  a  mixture  of  two  other  human 
strains  (H3  and  H4).  H.  pylori  was  recovered  from  all  three 
animals  at  1  week.  Histology  and  culture  tests  indicated  that 
two  of  the  animals  had  spontaneously  cleared  their  infections 
within  a  month  of  inoculation,  whereas  the  other  one  remained 
colonized  for  the  duration  of  the  study.  By  RAPD  fingerprint¬ 
ing,  all  62  isolates  from  both  the  transiently  and  persistently 
infected  animals  matched  input  strain  H4  (Fig.  2).  This  trial 
establishes  that  an  H .  pylori  strain  of  human  origin  can  colonize 


Input 
Hi  M,  H2 


Recovered 


1  2  3  4  5  6  7  8 


s  n  p  *3  2f  p  p  h 

IfaMi  ImMC  ImmII  fcaui  fcfcd 

*>’'<*  *»•'# 


kb 

—  3.1 
-2.0 
-1.6 

-  1.0 
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Primer  1281 

FIG.  I.  RAPD  fingerprinting  with  primer  1281  of  representative  isolates 
recovered  after  inoculation  of  monkey  SRC  with  a  mixture  of  two  human  strains. 
Hj  (=92-26)  and  H->  (  =  88-23).  and  one  monkey  strain  (M,).  Data  showing  that 
all  eight  recovered  isolates  matched  the  monkey  input  strain  M,  also  were 
obtained  with  primers  1254  and  1283. 
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Input  Recovered 

H,  H„  KJ2  9A5  8V5  kb 


Primer  1281 


Input  Recovered 

H-  H.  KJ2  9A5  8V5  kb 


Primer  1290 


FIG.  2.  RAPD  fingerprinting  of  representative  isolates  recovered  after  inoc¬ 
ulation  of  monkeys  KJ2,  9A5,  and  8V5  with  a  mixture  of  two  human  strains  (H3 
and  H4).  All  recovered  isolates  matched  strain  H4,  which  was  obtained  from  a 
patient  with  a  gastric  ulcer. 


rhesus  monkeys  either  persistently  or  transiently  and  can  infect 
animals  resistant  to  an  H.  pylori  strain  of  monkey  origin  that  is 
enzootic  in  their  colony. 

Histological  findings.  The  two  animals  with  persistent  infec¬ 
tion  (8RC  in  trial  2;  KJ2  in  trial  3)  had  normal  gastric  mucosae 
just  prior  to  infection  but  developed  chronic-active  antral  gas¬ 
tritis  within  a  month  of  inoculation.  The  gastritis  increased 
progressively  to  grade  >2  by  1.5  months  in  monkey  8RC  and 
by  8  months  in  monkey  KJ2  and  then  persisted  for  the  duration 
of  observations  (9  to  12  months).  In  addition,  each  monkey 
developed  marked  atrophy  of  the  previously  normal  stomach 
mucosae  and  microerosions  and  loss  of  mucus  from  superficial 
epithelial  cells  beginning  6  to  8  months  after  inoculation  (Fig. 
3  and  4).  Interestingly,  each  animal  also  had  developed  tran¬ 
sient  gastritis  in  the  earlier  trial  that  had  not  led  to  their 
becoming  colonized  (Fig.  4).  In  animals  with  either  no  coloni¬ 
zation  or  only  transient  colonization,  a  gastritis  score  of  >2 
either  was  not  observed  or  lasted  only  1  to  3  months  (Fig.  5  and 
data  not  shown). 

Serological  immune  responses.  The  two  animals  with  long¬ 
term  infection  (8RC  and  KJ2)  exhibited  increased  anti -H.  py¬ 


lori  plasma  IgG,  beginning  2.5  to  3.5  months  postinoculation. 
The  levels  peaked  at  4  to  5  months  and  then  declined,  but 
remained  greater  than  the  cutoff  for  positivity  for  the  remain¬ 
ing  2  to  6  months  of  the  study  (Fig.  4).  In  contrast,  the  two 
transiently  colonized  monkeys  (8V5  and  9A5)  exhibited  rapid 
increases  in  levels  of  anti -H.  pylori  IgG  within  1  week  of  inoc¬ 
ulation  and  then  gradual  decreases  following  elimination  of  the 
bacteria  (Fig.  5).  The  four  monkeys  that  were  not  colonized  in 
trial  1  or  2  (7MG,  8R1,  7N1,  and  EOE)  did  not  exhibit  any 
consistent  change  in  anti -H.  pylori  IgG  levels  (Table  2  and  Fig. 
5). 


DISCUSSION 

The  experiments  presented  here  (i)  establish  conditions  for 
experimental  infection  of  rhesus  monkeys  by  H.  pylori;  (ii)  help 
develop  monkeys  as  human-like  infection  models;  (iii)  exploit 
mixtures  of  bacterial  strains  that  are  readily  distinguished  by 
DNA  fingerprinting  to  assess  whether  a  given  host  can  be 
colonized;  and  (iv)  lead  to  three  major  conclusions  that  are 
particularly  relevant  to  human  infection. 

First,  individuals  differ  in  susceptibility  to  particular  H .  pylori 
strains.  This  conclusion  emerges  from  the  finding  that  two  of 
six  monkeys  tested  in  trial  2  were  susceptible,  and  four  were 
resistant,  to  an  H.  pylori  strain  that  had  been  circulating  in  their 
colony.  This  large  fraction  of  animals  apparently  resistant  to  H. 
pylori  infection  may  be  related  to  the  fact  that  these  animals 
had  been  selected  as  being  H.  pylori  free  despite  several  years 
in  group  housing  with  infected  animals.  The  spontaneous  cure 
of  infection  in  some  colonized  animals,  but  not  others,  in  trials 
2  and  3  also  indicates  diversity  among  individual  hosts  in  fac¬ 
tors  important  for  maintaining  a  given  strain. 

Second,  H.  pylori  strains  differ  in  the  ability  to  grow  in  dif¬ 
ferent  hosts.  This  conclusion  is  based  on  findings  in  trial  3  that 
three  animals  that  had  been  resistant  to  a  monkey  strain  were 
colonized  by  a  human  isolate,  H4. 

Third,  H.  pylori  infection  can  be  of  short  duration,  as  dem¬ 
onstrated  by  the  observation  that  two  monkeys  that  seemed  to 
be  well  colonized  by  H.  pylori  when  examined  1  to  7  weeks  after 


FIG.  3.  Illustration  of  chronic-activc  (grade  3)  antral  gastritis  in  animal  8RC  at  10  months  postinoculation,  demonstrating  marked  atrophy,  microerosions,  and  loss 
of  mucus  (H&E  stain).  H.  pylori  was  isolated  from  this  animal  throughout  a  12-month  period. 
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FIG.  4.  Time  course  of  antral  gastritis  score  (•)  and  plasma  IgG  ratio  (V) 
before  and  after  successful  colonization.  Absence  of  infection  is  indicated  by  O, 
and  positivity  for  infection  by  culture  and/or  histology  is  illustrated  by  +.  Animal 
8RC,  also  illustrated  in  Fig.  1  and  3,  became  persistently  infected  in  trial  2,  and 
plasma  IgG  and  gastritis  score  increased  after  a  3-month  delay.  Animal  KJ2  was 
not  included  in  trial  1,  did  not  become  infected  in  trial  2,  but  was  colonized  by 
one  of  the  strains  isolated  from  a  patient  with  gastric  ulcer  used  in  trial  3,  as 
illustrated  in  Fig.  2. 


inoculation  had  eliminated  these  bacteria  by  3  months  postin¬ 
oculation.  This  observation  contrasts  with  the  traditional  view 
that  H.  pylon  infections  persist  for  years,  which  is  based  pri¬ 
marily  on  patients  with  infections  that  were  established  long 
before  diagnosis  and  that  the  bacteria,  therefore,  must  have 
been  well  adapted  to  their  hosts.  There  are,  however,  at  least 
three  reports  of  studies  of  human  H.  pylori  infection  in  which 
the  patients  also  were  monitored  closely  from  the  time  of 
exposure,  and  two  of  these  infections  were  also  transient  (27, 
34),  whereas  the  third  persisted  until  it  was  cured  with  antibi¬ 
otic  therapy  (35).  Interestingly,  transient  infection  might  also 
underlie  the  reported  “spontaneous”  clearance  of  H.  pylori  in  a 
patient  receiving  placebo  (46).  Further  evidence  comes  from 
recent  studies  of  infants  in  Peru  and  in  The  Gambia,  using  urea 
breath  tests,  which  demonstrated  dramatic  fluctuations  over 
time  in  gastric  urease  levels  (high,  low,  and  then  high  again)  in 
many  children  in  the  study  group  (22,  44).  If  the  urea  breath 
test  is  an  accurate  indicator  of  H.  pylon  infection  in  this  pop¬ 
ulation,  as  it  is  in  adults  in  other  societies  (40),  these  results 
would  support  the  hypothesis  that  cycles  of  transient  infection 
are  common  in  humans  when  first  exposed  to  H.  pylon. 

Cases  of  spontaneous  clearance  have  been  ascribed  to  the 
patient  immune  response,  which  may  reflect  host  genotype  or 
physiology  (27,  34).  Consistent  with  this  view  are  correlations 
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FIG.  5.  Time  course  of  antral  gastritis  score  (•)  and  plasma  IgG  ratio  (V) 
before  and  after  transient  or  unsuccessful  colonization.  Absence  and  presence  of 
infection  are  indicated  by  O  and  +,  respectively,  as  in  Fig.  4.  Animal  9A5  was  not 
colonized  in  trial  1  but  developed  transient  infection  during  trials  2  and  3. 
Animal  8V5  was  not  colonized  during  trials  1  and  2  but  developed  transient 
infection  during  trial  3.  Animal  EOE  was  included  only  in  trial  2  and  did  not 
become  colonized  by  H.  pylori. 


of  particular  genotypes  in  humans  and  apparent  resistance  to 
infection  (25).  This  explanation  is  also  compatible  with  our 
finding  that  the  three  animals  that  were  only  transiently  in¬ 
fected  had  rapid  immune  responses,  whereas  the  two  animals 
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(8RC  and  KJ2)  that  became  persistently  infected  did  not  de¬ 
velop  peak  IgG  levels  until  3  to  4  months  after  inoculation 
(Fig.  4).  This  delay  in  antibody  response  is  similar  to  that  in  the 
only  reported  human  case  of  persistent  infection  after  experi¬ 
mental  inoculation  (35).  Thus,  this  rapid  response  may  reflect 
protective  immunity  (although  the  serum  antibodies  measured 
here  only  approximate  the  more  relevant  gastric  mucosal  im¬ 
mune  responses).  Since  gastritis  appeared  more  rapidly  after 
inoculation  in  animals  that  did  not  develop  long-term  infection 
than  in  those  that  did,  we  propose  that  a  strong  early  tissue 
response  can  help  the  host  eventually  repel  the  infecting  strain. 
Taken  together,  these  considerations  support  the  prospect  for 
development  of  effective  anti -H.  pylori  vaccines  (26). 

We  propose  that  there  is  a  link  between  the  phenomenon  of 
transient  infection  and  differences  among  strains  in  the  ability 
to  colonize  a  given  host  and  in  susceptibility  of  potential  hosts. 
Differences  in  susceptibility  in  a  potential  host  population  are, 
of  course,  a  familiar  theme  in  infectious  disease.  In  the  case  of 
H.  pylori ,  it  probably  reflects  genetically  determined  traits,  in 
combination  with  environmental  cofactors  and  age  of  acquisi¬ 
tion.  In  this  context,  the  extensive  genetic  diversity  among  H. 
pylori  strains  may  be  adaptive,  reflecting  continuous  selection 
for  variants  that  are  increasingly  fit  for  a  given  infected  host, 
even  as  it  may  change  over  time.  A  strain  with  such  a  history 
might  often  be  imperfectly  suited  to  the  next  host  to  ingest  it 
and,  in  the  extreme,  either  fail  to  colonize  that  host  or  result  in 
only  transient  infection,  much  as  has  been  seen  here. 

In  conclusion,  our  results  show  that  rhesus  monkeys  can  be 
experimentally  infected  with  strains  of  H.  pylori  of  human  or  of 
monkey  origin  and  suggest  that  monkeys  may  serve  as  partic¬ 
ularly  important  models  for  studies  of  gastric  physiology  and 
immune  responses.  Our  analysis  also  shows  that  rhesus  mon¬ 
keys  vary  in  susceptibility  to  infection  by  a  given  H.  pylori 
strain,  that  H.  pylori  strains  also  vary  in  traits  that  may  be 
important  in  colonization  of  individual  hosts,  and  that  some 
infections  are  very  short-lived.  We  propose  that  much  of  the 
remarkable  diversity  among  H .  pylori  strains  reflects  selection 
by  the  different  genotypes,  physiologic  states,  and  immunologic 
experience  of  billions  of  different  human  hosts.  Thus,  future 
inoculation  of  rhesus  monkeys  with  sets  of  strains  that  are 
genetically  well  characterized,  and  DNA  level  analysis  of  re¬ 
covered  strains  as  here,  should  provide  new  insights  into  the 
mechanisms  by  which  H.  pylori  causes  gastroduodenal  disease 
and  into  host-specific  adaptation  of  the  pathogen  during  years 
of  chronic  infection. 
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Ionizing  radiation/thermoregulation/prostaglandins/locomotion/rats 

Exposure  of  rats  to  5-10  Gy  of  ionizing  radiation  produces  hyperthermia  and  reduces  motor  activity.  Previous 
studies  suggested  that  radiation-induced  hyperthermia  results  from  a  relatively  direct  action  on  the  brain  and  is  mediated 
by  prostaglandins.  To  test  the  hypothesis  that  hypoactivity  may  be,  in  part,  a  thermoregulatory  response  to  this  elevation 
in  body  temperature,  adult  male  rats  were  given  indomethacin  (0.0,  0.5,  1.0,  and  3.0  mg/kg,  intraperitoneally),  a  blocker 
of  prostaglandin  synthesis,  and  were  either  irradiated  (LINAC  18.6  MeV  (nominal)  high-energy  electrons,  10  Gy  at  10 
Gy/min,  2.8  psec  pulses  at  2  Hz)  or  sham-irradiated.  The  locomotor  activity  of  all  rats  was  then  measured  for  30  min  in 
a  photocell  monitor  for  distance  traveled  and  number  of  vertical  movements.  Rectal  temperatures  of  irradiated  rats 
administered  vehicle  only  were  elevated  by  0.9  ±  0.2°C  at  the  beginning  and  the  end  of  the  activity  session.  Although 
indomethacin,  at  the  two  higher  doses  tested,  attenuated  the  hyperthermia  in  irradiated  rats  by  52-75%,  it  did  not  attenuate 
radiation-induced  reductions  in  motor  activity.  These  results  indicate  that  motor  hypoactivity  after  exposure  to  10  Gy  of 
high-energy  electrons  is  not  due  to  elevated  body  temperature  or  to  the  increased  synthesis  of  prostaglandins. 


INTRODUCTION 


Effects  of  ionizing  radiation  over  a  wide  range  of  doses  include  lethargy,  hypokinesia  and  impairment 
of  performance  on  tasks  requiring  rapid  movement1"6*.  Exposures  to  5  to  15  Gy  from  a  60Co  gamma-ray 
source  produce  hyperthermia  in  rats7,8*.  There  is  evidence  that  this  hyperthermia  requires  head  exposure  and 
is  mediated  by  an  increased  synthesis  of  prostaglandin  E-2  (PGE-2)7-8*.  Also,  it  was  shown  that  rats  reduce 
their  activity  level  following  the  induction  of  deep  hyperthermia  produced  by  heat  exposure,  exertion,  or  the 
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stress  of  a  novel  environment9’10*.  It  has  been  speculated  that  some  behavioral  effects  induced  by  drugs  (e.g., 
interleukin- 1)  could  be  secondary  to  the  treatment’s  pyrogenic  effects10.  Our  study  tested  the  hypothesis 
that  the  reduced  motor  activity  after  exposure  to  ionizing  radiation  is  a  thermoregulatory  response.  Rats 
were  given  indomethacin,  a  prostaglandin  synthesis  inhibitor,  to  antagonize  the  radiation-induced  increase 
in  core  body  temperature. 


MATERIALS  AND  METHODS 

Subiects.  Adult  male  Sprague-Dawley  Crl:CD(SD)BRD  rats  weighing  200-300  g  (Charles  River  Breeding 
Laboratories,  Kingston,  NY)  were  used  in  this  experiment.  The  rats  were  maintained  in  our  facility,  which 
is  approved  by  the  American  Association  for  Accreditation  of  Laboratory  Animal  Care.  The  care,  treatment, 
and  use  of  the  rats  were  approved  by  our  Institutional  Animal  Care  and  Use  Committee  in  accordance  with 
the  National  Research  Council’s  Guide  for  the  Care  and  Use  of  Laboratory  Animals.  The  rats  were  quarantined 
on  arrival  and  screened  for  evidence  of  disease.  Rats  were  housed  individually  in  Micro  Isolator  cages  on 
autoclaved  hardwood  contact  bedding  and  were  given  Wayne  Rodent  Blox  and  water  ad  libitum.  Animal 
holding  rooms  were  kept  at  21  ±  1°C  with  50  ±  10%  relative  humidity  on  a  12-h  light:dark  cycle  with  lights 
off  at  1800.  Irradiation,  temperature  measurement  and  behavioral  testing  took  place  between  1000  and  1400 
according  to  the  schedule  in  Table  1. 


Table  1.  Time  Line  for  Treatments  and  Measurements 


Minutes 

preirradiation  (-) 
or  postirradiation  (+) 

Procedure 

-45 

Rats  placed  into  holding  tubes 

-35 

Rectal  temperatures  recorded 

-30 

Indomethacin/vehicle  given 

-  10 

Rectal  temperatures  recorded 

0 

Rats  irradiated  (10  Gy)  /  sham-irradiated 

+  10 

Rectal  temperatures  recorded 

+30  to  +  60 

Locomotor  activity  tested 

+  100 

Rectal  temperatures  recorded 

Drug  administration.  Rats  were  randomly  assigned  to  eight  treatment  groups.  Each  group  consisted  of  rats 
that  were  irradiated  or  sham-irradiated  and  had  received  an  intraperitoneal  (i.p.)  injection  either  of  the  saline 
vehicle  (n  =  16)  or  0.5,  1.0,  or  3.0  mg/kg  indomethacin  (n  =  8).  All  rats  were  placed  in  well-ventilated 
Plexiglas  holding  tubes  and,  15  min  later,  were  administered  vehicle  or  indomethacin. 

Irradiation.  Thirty  minutes  after  injection,  rats  were  either  whole-body  irradiated  with  high-energy  electrons 
from  the  AFRRI  linear  accelerator  (LINAC)12)  or  sham-irradiated.  Irradiated  animals  received  a  dose  of  10 
Gy  (nominal  18.6  MeV,  10  Gy/min,  2.8  jli  sec  pulses  at  2  Hz).  The  10-Gy  dose  was  chosen  because  it  is  in 
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the  midrange  for  maximal  induction  of  hyperthermia71.  The  indomethacin  doses  were  selected  because  they 
reduce,  by  50-70%,  hyperthermia  after  a  10-Gy  exposure71. 

Temperature  measurement.  Rectal  temperatures  were  measured  35  and  10  min  preirradiation  as  well  as  10 
and  100  min  postirradiation.  Temperatures  were  measured  with  thermistor  probes  (YSI  series  700,  Yellow 
Springs  Instrument  Co.,  Inc.,  Yellow  Springs,  OH)  inserted  approximately  6  cm  into  the  rectum. 

Behavioral  testing .  Locomotor  behavior  of  each  rat  was  recorded  for  30  min  beginning  30  min  after  irradiation 
or  sham-irradiation.  A  computerized  Digiscan  Animal  Activity  Monitor  (Model  RXYZCM-16,  Omnitech 
Electronics,  Columbus,  OH)  was  used  to  quantify  the  locomotor  activity.  The  apparatus  used  an  array  of 
infrared  photo  detectors  spaced  2.5  cm  apart  to  determine  ambulation  expressed  as  the  total  distance  traveled 
(cm)  and  the  number  of  vertical  movements.  The  photocells  used  to  record  ambulation  and  vertical  activity 
were  positioned  4.5  cm  and  12.5  cm,  respectively,  above  the  floor  of  the  Plexiglas  activity  monitor  (40  cm 
x  40  cm  x  30  cm). 

Statistical  Analysis.  Temperature,  distance-traveled  and  vertical-activity  data  were  each  analyzed  with  two- 
way  analysis  of  variance.  Where  appropriate  these  were  followed  by  Dunnett’s  multiple  comparison  tests.  A 
two-tailed  alpha  level  of  at  least  0.05  was  used. 


RESULTS 

Rats  exposed  to  10  Gy  of  high-energy  electrons  showed  an  overall  increase  in  rectal  temperatures  (0.25 
to  0.9  C)  when  measured  10  and  100  min  postirradiation  (Fig.  1).  Analysis  of  variance  indicated  an  increase 
at  1 0  min  (F(  1 , 72)  =  1 2.4,  p  <  0.05)  and  at  1 00  min  (F(  1 , 72)  =  1 4.8,  p  <  0.05)  relative  to  1 0  min  preirradiation. 
Also  compared  to  sham-irradiated  controls,  irradiated  rats  showed  an  overall  temperature  increase  at  10  min 
(F(l,  72)  =  33.0 ,  p  <  0.05)  and  at  100  min  (F(l,  72)  =  37.3,  p  <  0.05).  The  Dunnett’s  multicomparison  test 
indicated  that  relative  to  the  sham-irradiated  group  there  was  a  significant  increase  in  rectal  temperature  in 
the  irradiated  group  only  when  given  saline  or  the  lowest  dose  of  indomethacin,  0.5  mg/kg  (10  min 
postirradiation:  critical  value  =  2.52,  observed  statistics  =  5.76,  2.96;  100  min  postirradiation:  critical  value 
=  2.51,  observed  statistics  =  5.77,  2.84). 

The  prostaglandin  synthesis  inhibitor  indomethacin  produced  the  general  effect  of  reducing  radiation- 
induced  hyperthermia  at  both  10  and  100  min  postirradiation  (F(l,  36)  =  5.12,  p  <  0.05;  F(l,  36)  =  3.05,/^  < 
0.05,  respectively).  At  10  min  postirradiation,  the  temperature  reductions  were  significant  at  1.0  and  3.0  mg/ 
kg  doses  of  indomethacin  (with  vehicle-treated,  irradiated  group  as  control,  critical  value  =  2.45,  observed 
statistics  =  2.97,  3.37)  and  at  100  min  at  3.0  mg/kg  indomethacin  (observed  statistic  =  2.64). 

Rats  exposed  to  10  Gy  of  high-energy  electrons  showed  an  overall  statistically  significant  decrease  in 
the  number  of  vertical  (F(  1,72)=  1 2.32,  p  <  0.00 1 ,  Fig.  2)  movements  and  the  total  distance  travelled  (F(  1 , 
72)  =  5.36,  p  <  0.05,  Fig.  3)  over  the  30-min  test  period. 

Analysis  of  variance  indicated  no  overall  effect  of  drug  treatment  (indomethacin)  on  vertical  activity  (F(3, 
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Fig.  1.  Change  in  rectal  temperature  from  pretreatment  baseline  (-35  min).  For  sham- irradiated  group,  n  = 
8  rats  for  each  dose  of  indomethacin,  n  =  16  for  saline  control.  For  irradiated  group,  n  =  8  rats  for 
each  dose,  n  =  16  for  saline  control.  *  indicates  significant  difference  (p  <  0.05)  from  saline- 
treated,  sham-irradiated  group  (Dunnett’s  test),  f  indicates  significant  difference  (p  <  .05)  from 
saline-treated,  irradiated  group  (Dunnett’s  test). 


150 


|  |  Sham-irradiated 

10-Gy  18.6  MeV  electrons 


Indomethacin  (mg/kg) 


Fig.  2.  Number  of  vertical  movements  in  the  30-min  observation  period  versus  dose  of  indomethacin. 
Although  analysis  of  variance  indicated  an  overall  radiation  effect  on  vertical  activity,  indomethacin 
had  no  effect  on  this  activity  measure. 
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Fig.  3.  Total  distance  travelled  in  the  30-min  observation  period  versus  dose  of  indomethacin.  Although 
analysis  of  variance  indicated  an  overall  radiation  effect  on  distance  travelled,  indomethacin  had 
no  effect  on  this  activity  measure. 


72)  =  0.175,  P  =  0.91)  and  distance  traveled  (F(3,  72)  =  0.76,  P  =  0.52). 


DISCUSSION 

Exposure  of  rats  to  10  Gy  of  high-energy  electrons  increased  postirradiation  rectal  temperature  by  0.9 
+  0.2°C.  In  addition,  postirradiation  spontaneous  motor  activity  was  reduced  by  18-40%  in  the  30-min 
observation  period.  Although  indomethacin  (1.0  or  3.0  mg/kg)  attenuated  the  radiation-induced  increase  in 
body  temperature  by  52-75%,  the  depression  of  motor  activity  was  unaffected  by  indomethacin.  These 
results  do  not  support  the  hypothesis  that  reduced  motor  activity  after  irradiation  is  a  behavioral 
thermoregulatory  response  to  the  radiation-induced  hyperthermia, 

Ionizing  radiation  (5-10  Gy  from  a  60Co  gamma-ray  source)  has  been  reported  to  increase  levels  of  E- 
series  prostaglandins  (PGEs)  in  the  brain8131.  We  did  not  measure  PGE  levels  because  it  has  previously  been 
shown  that  indomethacin  at  the  highest  dose  given  in  this  study  (3  mg/kg)  gives  nearly  maximal  (80-90%) 
inhibition  of  brain  PG  synthesis14).  PGEs  have  been  found  to  reduce  open-field  spontaneous  motor  activity 
in  rodents15,161.  Our  finding  that  the  prostaglandin  synthesis  inhibitor  indomethacin  has  no  effect  on  the 
radiation-induced  hypoactivity,  indicates  that  prostaglandin  synthesis  does  not  play  a  role  in  this  hypoactivity. 
This  result  parallels  the  report  that  lipopolysaccharide-induced  depression  of  motor  activity  is  also 
prostaglandin  independent171. 

It  is  well  established  that  ionizing  radiation  induces  cytokines  including  IL-1  and  INF-a18"211.  Both 
these  cytokines  elevate  body  temperature  and  these  elevations  are  reduced  by  indomethacin22’231.  Although 
both  cytokines  also  reduce  open  field  locomotion,  the  IL-1 -induced  decrease  is  attenuated  by  indomethacin 1,1 
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while  the  INF-a-induced  decrease  is  not  attenuated  by  even  high  doses  of  indomethacin18'24’251.  It  is  therefore 
possible  that  INF-a  may  play  a  role  in  the  failure  of  indomethacin  to  block  decreases  in  motor  activity 
following  exposure  to  ionizing  radiation.  Further  support  for  this  possibility  is  that  INF-a  shows  specific 
opiate-like  activities26,271,  and  central  opioid  functions  have  already  been  found  to  mediate  opioid-like 
behavioral  changes  following  radiation  exposure28’291.  Work  is  in  progress  to  further  determine  the  mechanism 
of  radiation-induced  motor  hypoactivity. 
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ABSTRACT 

Caffeine  has  been  demonstrated  to  mitigate  the  locomotor  decrement  produced  by 
aminothiol  radioprotective  compounds.  A  possible  mechanism  of  action  is  caffeine’s 
antagonism  through  the  adenosine  system.  This  study  compared  the  behavioral  effects  of 
xanthine  adenosine  antagonists  that  either  are  nonselective  (theophylline,  caffeine),  exhibit 
very  weak  antagonism  (enprofylline),  are  selective  for  A,  receptors  (8-cyclopentyl- 1,3- 
dimethylxanthine,  CPT),  or  are  selective  for  A2  receptors  (3,7-dimethyl- 1- 
propylargylxanthine,  DMPX).  Locomotor  activity  was  significantly  reduced  after  injection  of 
the  phosphorothioate  radioprotector  WR-151327  (200  mg/kg,  i.p.).  Activity  returned  to 
control  levels  when  caffeine  (20  mg/kg),  theophylline  (20  mg/kg),  or  DMPX  (20  mg/kg) 
were  administered  30  min  before  WR-151327.  Enprofylline  (20  and  40  mg/kg)  and  CPT  (20 
and  40  mg/kg)  did  not  mitigate  the  WR-151327  induced  locomotor  decrement.  These  results 
suggest  that  antagonism  of  the  A2  adenosine  receptors  is  important  in  the  mitigation  of 
motor  decrement.  There  was  a  trend  for  the  adenosine  antagonists  to  enhance  the 
radioprotective  effect  (30-day  survival)  of  WR-151327.  The  best  protection  from  “Co  (1 
Gy/min)  radiation  was  obtained  by  the  theophylline  plus  WR-151327  combination,  which 
significantly  enhanced  the  dose  reduction  factor  (DRF).  The  combination  produced  a  DRF  of 
1.64  compared  with  1.51  for  WR-151327  alone. 


INTRODUCTION 

A  number  of  phosphorothioate  compounds  such  as  WR-151327  (S-3-[3- 
methylaminopropylaminojpropylphosphorothioic)  can  protect  normal  tissue  from  damage  due 
to  chemotherapy  or  radiation  therapy.  WR-151327  has  been  shown  to  protect  against  acute1 
and  late2  3  effects  of  both  gamma  and  neutron  radiation  as  well  as  toxic  effects  of  nitrogen 
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mustard.4  One  of  the  principal  problems  associated  with  the  use  of  phosphorothioate 
protectors  in  humans  is  their  adverse  side  effects  such  as  hypotension,  vomiting,  and 
somnolence,  which  lead  to  performance  degradation.5 

One  approach  to  this  problem  is  to  develop  combinations  of  drugs  that  maximize 
radioprotection  and  minimize  side  effects.6  Using  this  paradigm,  we  found  that  caffeine  was 
effective  in  mitigating  the  motor  performance  decrement  produced  by  the  phosphorothioate 
WR-3689.7  The  mechanism  by  which  caffeine  reduced  this  behavioral  deficit  may  be 
mediated  through  the  adenosine  system. 

Among  the  xanthines,  caffeine  and  theophylline  are  nonspecific  A,  and  A2  antagonists 
of  the  adenosine  system.8  Enprofylline  has  very  low  affinity  to  both  of  the  adenosine 
receptors.  CPT  (8-cyclopentyl- 1,3-dimethylxanthine)  is  a  selective  A,  adenosine  receptor 
antagonist9  while  DMPX  (3,7-dimethyl- 1-propargylxanthine)  is  an  adenosine  antagonist 
selective  for  the  A2  receptor.10  In  the  present  study,  WR- 15 1327  was  combined  with  the 
above  xanthines  to  characterize  any  effects  on  radioprotection  as  well  as  the  contributions  of 
the  A,  and  A2  adenosine  receptor  subtypes  in  the  mitigation  of  locomotor  deficits  produced 
by  this  phosphorothioate  compound. 


METHOD 


Subjects 

Locomotor  activity  and  survival  were  measured  in  24-  to  31-g  male  CD2F1  mice 
(B ALB/c  x  DBA/2)F1,  provided  by  Charles  River  Breeding  Laboratory,  Raleigh,  NC.  All 
mice  were  quarantined  on  arrival  and  representative  animals  were  screened  for  evidence  of 
disease.  Mice  were  housed  in  groups  of  10  in  Microisolator  cages  (Lab  Products,  Maywood, 
NJ)  on  hardwood  chip  contact  bedding  in  a  facility  approved  by  the  American  Association 
for  Accreditation  of  Laboratory  Animal  Care.  Animal  rooms  were  maintained  at  21  ±  2  °C 
with  50%  ±  10%  humidity  on  a  12-hr  light/dark  cycle.  Commercial  rodent  chow  was  freely 
available  as  was  acidified  (pH  2.5)  water  to  control  opportunistic  infections." 


Behavioral  Testing 

Computerized  Digiscan  activity  monitors  (Omnitech  Electronics,  Columbus,  OH)  were 
used  to  quantify  locomotor  activity.  Each  monitor  used  an  array  of  infrared  photodetectors 
spaced  2.5  cm  apart  to  determine  horizontal  locomotor  activity,  which  was  expressed  as  the 
total  distance  traveled.  Immediately  following  all  injections,  mice  were  placed  into 
individual  Plexiglas  activity  chambers  (20  x  20  x  30  cm).  Activity  was  monitored  for  3  hr. 
All  testing  took  place  during  the  dark  portion  of  the  light/dark  cycle.  Each  animal  was  tested 
only  once.  Food  and  water  were  available  throughout  the  testing  period. 
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Radioprotection  Experiments 


Survival  was  assessed  after  irradiation  in  the  bilateral  gamma-radiation  field  of  the 
AFRRI  '“Co  facility.12  The  mice  were  confined  in  a  Plexiglas  restrainer  to  limit  movement. 
The  midline  tissue  dose  to  the  animals  ranged  from  7  to  16  Gy  and  was  delivered  at  a  dose 
rate  of  1  Gy/min.  The  dose  rate  was  established  in  an  acrylic  mouse  phantom  using  a  0.5-cc 
tissue-equivalent  ionization  chamber  (calibration  factor  traceable  to  the  National  Institute  of 
Standards  and  Technology).  The  tissue-air  ratio  was  0.96  and  the  field  was  uniform  to 
within  ±3%.  Dosimetric  measurements  were  made  in  accordance  with  the  American 
Association  of  Physicists  in  Medicine  protocol  for  the  determination  of  absorbed  dose  from 
high-energy  photon  and  electron  beams.13 

Mice  were  injected  with  either  saline  or  adenosine  antagonists  60  min  before 
irradiation.  WR-151327  was  injected  30  min  before  irradiation.  Following  irradiation,  mice 
were  returned  to  their  home  cages  where  survival  was  monitored  for  30  days.  For  each 
treatment  at  any  given  dose  of  radiation,  the  number  of  mice  per  group  averaged  24.  A  dose 
reduction  factor  (DRF)  was  determined  for  each  drug  regimen  by  dividing  the  LD5(V30 
following  drug  treatment  by  the  LD50/30  for  saline-treated  animals. 


Drugs 


All  drugs  were  administered  i.p.  Caffeine  (20  mg/kg),  theophylline  (20  mg/kg), 
enprofylline  (20  mg/kg),  DMPX  (20  mg/kg)  and  CPT  (20  and  40  mg/kg)  were  each 
administered  30-min  prior  to  the  radioprotector  WR-151327  (200  mg/kg;  U.S.  Bioscience, 
West  Conshohocken,  PA).  Enprofylline  and  CPT  (20  mg/kg)  were  not  evaluated  in  the 
radioprotection  experiments  because  they  did  not  mitigate  WR-151327  induced  locomotor 
decrement  in  the  behavioral  experiments. 


Statistical  Analysis 

Locomotor  activity  data  were  log  transformed  to  stabilize  the  variances.  An  analysis 
of  variance  and  the  Newman-Keuls  multiple  range  test  was  used  to  statistically  analyze  the 
data.  Thirty-day  survival  was  analyzed  by  probit  analysis. 


RESULTS  AND  CONCLUSIONS 

WR-151327  (200  mg/kg)  produced  significant  locomotor  decrements  throughout  the  3-hr 
testing  period.  A  single  administration  of  nonspecific  adenosine  antagonists  (caffeine  or 
theophylline)  returned  WR-151327  induced  locomotor  decrements  to  control  levels  for  2  hr 
and  1  hr,  respectively.  A  very  weak  adenosine  antagonist  (enprofylline)  did  not  mitigate 
WR-151327  induced  locomotor  decrement,  indicating  that  methylxanthines  with  strong 
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adenosine  antagonism  are  important  for  the  reversal  of  WR- 15 1327  induced  locomotor 
activity.  A  specific  A2  adenosine  receptor  antagonist  (DMPX)  returned  WR- 15 1327  induced 
locomotor  deficits  to  control  levels  for  1  hr.  In  contrast,  an  A,  adenosine  receptor  antagonist 
(CPT)  failed  to  mitigate  this  motor  decrement.  These  results  indicate  that  A,  adenosine 
receptor  antagonism  plays  an  important  role  in  reversing  locomotor  deficits  produced  by  the 
radioprotector  WR-151327.  In  addition,  all  adenosine  receptor  antagonists  enhanced  30-day 
survival  when  combined  with  WR-151327  (Table  1).  The  best  protection  was  obtained  when 
theophylline  was  combined  with  WR-151327.  The  combination  yielded  a  significantly  higher 
DRF  (1.64)  compared  to  the  DRF  (1.51)  produced  by  WR-151327  alone. 


TABLE  1 


Radioprotection  by  WR-151327  Alone  and  in  Combination  with  Xanthines1 


2 

Treatment 

LD50/30  (Gy3) 

(95%  Confidence  Limits) 

DRF 

Saline 

8.30 

- 

(8.16,8.56) 

Saline  + 

12.57 

1.51 

WR-1513274 

(12.44,  12.71) 

Caffeine  + 

12.75 

1.54 

WR-151327 

(12.57,  12.97) 

DMPX  + 

13.12* 

1.58 

WR-151327 

(12.80,  13.67) 

CPT  + 

13.26** 

1.60 

WR-151327 

(12.94,  14.03) 

Theophylline  + 

13.62** 

1.64 

WR-151327 

(13.18,  14.77) 

1  Xanthines  were  given  i.p.  60  min  before  radiation;  WR-151327  was  given  i.p.  30  min 
before  radiation. 

2  WR-151327  (200  mg/kg);  caffeine  (20  mg/kg);  DMPX  =  3,7  dimethyl- 1 -propargylxantine 
(20  mg/kg),  CPT  =  8-cyclopentyl-theophylline  (40  mg/kg),  theophylline  (20  mg/kg). 

3  60Co  @  1  Gy/min. 

4  All  WR-151327  groups  significantly  different  (p  <  0.001)  from  saline  control. 

*  Significantly  different  (p  <  0.01  from  saline/WR-151327. 

**  Significantly  different  (p  <  0.001 )  from  saline/WR-151327. 
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Abstract 

Metabolically  active  forms  of  the  radioprotective  and  chemoprotective  drug  S-3-(3~methylaminopropyl- 
amino)propylphosphorothioic  acid  (WR-151327)  are  S-3-(3-methylaminopropylamino)propanethiol  (WR-151326) 
and  its  symmetrical  disulfide  (WR-25595501).  This  paper  describes  applications  of  sensitive  and  specific  procedures 
such  as  capillary  column  gas  chromatography  with  flame  ionization  detection,  electron  impact  mass  spectrometry  and 
liquid  chromatography  with  electrochemical  detection  for  structural  characterization  and  analysis  of  the  active  forms 
of  WR-151327.  These  chromatographic  procedures  provide  reproducible  linear  calibration  graphs  for  a  relatively  wide 
range  of  concentrations  of  the  active  forms  of  WR-151327.  The  described  procedures  will  further  facilitate  in  vivo  and 
in  vitro  investigations  of  chemoprotective  and  radioprotective  properties  of  WR-151327  and  its  active  metabolites. 

Keywords:  Radioprotector;  Chemoprotector;  Aminothiols;  Symmetrical  disulfides;  Mass  spectral  analysis;  Electro¬ 
chemical  detection 


1.  Introduction 

The  use  of  chemical  agents  such  as  cysteine  for 
protection  against  acute  effects  of  irradiation  was 
first  investigated  in  the  late  1940s  by  Patt  et  al.  [1]. 
In  1959,  the  US  Army  initiated  an  antiradiation 
drug  development  program  at  the  Walter  Reed 
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Army  Institute  of  Research  (WRAIR)  [2].  In  this 
program,  phosphorylated  aminothiols,  or  phos- 
phorothioates,  were  developed. 

Recently,  antimutagenic  and  antineoplastic 
properties  for  this  class  of  chemical  agents  have 
been  observed  [3,4]  and  the  ability  of  these  com¬ 
pounds  to  enhance  the  interaction  of  topoiso- 
merases  with  DNA  has  been  reported  [5].  The 
active  forms  of  the  phosphorothioates  are  the  free 
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thiol  and  its  symmetrical  disulfide  [6]  (see  Table 
1).  The  dephosphorylation  of  the  phosphorothi- 
oate  compounds  has  been  shown  to  occur  in  vivo 
and  in  vitro  in  the  presence  of  the  enzyme  alkaline 
phosphatase  [7,8]  or  mineral  acids[9].  In  the  pres¬ 
ence  of  oxygen  and  trace  metal  ions,  these  thiols 
can  be  further  oxidized  to  form  their  correspond¬ 
ing  symmetrical  disulfides  [10]. 

WR-2721  and  its  dephosphorylated  form  WR- 
1065  remain  the  benchmark  radioprotectors;  how¬ 
ever,  WR-1 51326,  the  dephosphorylated  form  of 
WR-1 51327  appears  to  be  equally  or  more  effec¬ 
tive  not  only  against  higher  linear  energy  transfer 
(LET)  radiation  [11]  but  also  as  a  combination 
drug  against  the  anti-AIDS  agent  AZT  (3'-azido- 
3'-deoxythymidine)  [12].  AZT  is  known  to  be 
mutagenic  in  the  human  hepatoma  cell  line  desig¬ 
nated  HepG2  at  the  HGPRT  (hypoxanthine  gua¬ 
nine  phosphoribose  transferase)  locus.  Admin¬ 
istration  of  WR-1 51326  with  AZT  reduces  the 
mutagenic  effects  of  AZT  by  approximately  half 
[12]. 

To  understand  fully  the  protection  mechanisms 
and  therapeutically  utilize  these  drugs  with  greater 
effectiveness,  for  in  vivo  or  in  vitro  experiments,  a 
rapid,  selective  and  sensitive  procedure  for  their 
analysis  must  be  available.  To  the  best  of  the 


Table  1 

Chemical  names  and  structures  of  aminothiol  compounds  and 
their  derivatives 


Compound 

Name  and  structure 

WR-2721 

S-2-(3-Aminopropylamino)ethylphosphoro- 
thioic  acid 

h,nch,ch2ch,nhch2ch2spo,h2 

WR-1065 

jV-(2-Mercaptoethyl)-l,3-diaminopropane 

H,NCHXH,CH,NHCH,CH,SH 

WR-33278 

Symmetrical  disulfide  of  WR-1065 

H2N(CH2)3NH(CH2)2SS(CH2)2 

NH(CH2)3NH2 

WR-1 51 327 

S-3-(3-Methylaminopropylamino)propoly- 
phosphorothioic  acid 
CH3NH(CH2)3NH(CH2)3SP03H2 

WR-151326 

S-3-(3-Methylaminopropylamino)- 

propanethiol 

CH3NH(CH2)3NH(CH2)3SH 

WR-25595501 

Symmetrical  disulfide  of  WR-151326 

CH3NH(CH2),NH(CH2)3SS(CH2)3 

NH(CH2)3NHCH3 

authors'  knowledge,  such  procedures  for  WR- 
151326  and  WR-25595501  have  not  been  docu¬ 
mented.  In  this  paper,  we  describe  gas 
chromatography  (GC),  liquid  chromatography 
with  electrochemical  detection  (LC-EC)  and 
mass  spectrometry  (MS)  for  the  analysis  and 
structural  characterization  of  the  active  metabo¬ 
lites  of  WR-1 51327. 


2.  Experimental 

2.1.  Reagents  and  materials 

All  reagents  were  of  analytical-reagent  grade. 
Acetonitrile,  methylene  chloride  and  methanol 
were  obtained  from  Fisher  Scientific  (Pittsburgh, 
PA,  USA).  WR-1 51327  (Lot  #1,  USBR  110)  was 
received  from  the  US  Bioscience  Laboratory 
(West  Conshohocken,  PA,  USA)  and  authentic 
samples  of  WR-1 51 326  (bottle  #AV58457)  and 
WR-25595501  (bottle  #24307)  were  received 
from  the  Walter  Reed  Army  Research  Institute 
(Washington,  DC,  USA). 

2.2.  Synthesis ,  GC  and  MS  analysis  of 
WR-1 51 326 

In  a  100  ml,  two-necked,  round-bottomed  flask 
with  an  argon  inlet,  and  reflux  condenser,  1.62  g  of 
recrystallized  WR-1 51 327  was  placed  in  10  ml  of 
2.5  mM  HC1  (60°C,  pH  1.5)  under  a  constant 
stream  of  argon.  To  monitor  the  progress  of  the 
hydrolysis  reaction,  10//1  aliquots  from  the  reac¬ 
tion  mixture  were  withdrawn  at  30-min  intervals. 
Each  sample  was  quenched  at  room  temperature 
in  1.8  ml  of  50  mM  phosphate  buffer  (pH  7.0)  and 
assayed  for  the  presence  of  sulfhydryl  group  with 
5\5'-dithiobis(2-nitrobenzoic  acid)  (DTNB)  using 
the  Ellman  methodology  [13].  The  hydrolysis  re¬ 
action  was  allowed  to  proceed  at  65°C  until  no 
increases  in  the  DTNB  absorption  assays  were 
observed.  The  reaction  mixture  was  stirred  for  an 
additional  3  h  at  room  temperature  to  assure 
complete  hydrolysis  of  WR-1 51327,  after  which 
the  pH  was  re-adjusted  to  1.5  and  the  mixture  was 
lyophilized.  The  lyophilate  was  extracted  three 
times  with  10  ml  of  cold,  degassed  methylene 
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chloride  followed  by  four  extractions  with  10  ml 
of  chloroform.  The  solid  residue  was  subsequently 
dissolved  in  a  minimal  quantity  (<3ml)  of  cold, 
degassed  ethanol/water  (9:1,  v/v)  and  allowed  to 
crystallize  at  4°C  overnight.  The  crystalline 
product  was  collected  (1.1  g,  >67%  yield). 

Trimethylsilyl  (TMS)  ether  preparation  was 
then  carried  out  for  the  aliquots  from  the  follow¬ 
ing  samples:  (1)  lyophilate  of  the  reaction  mixture; 

(2)  residue  from  the  methylene  chloride  extract; 

(3)  crystalline  product  obtained  from  ethanol-wa¬ 
ter  recrystallization;  and  (4)  authentic  sample 
of  WR-1 51326.  The  TMS  derivatives  were  pre¬ 
pared  in  hypovials  by  first  dissolving  25  jug  of  the 
material  in  30  ju\  of  warm  acetonitrile  and  subse¬ 
quently  mixing  this  with  30  //I  of  bis(trimethylsi- 
lyl)trifluoroacetamide  (BSTFA).  The  resulting 
mixtures  were  heated  at  60°C  for  1  h  and  then 
allowed  to  equilibrate  at  room  temperature  for 
an  additional  1  h  prior  to  GC  analysis.  Each 
TMS  preparation  was  subsequently  analyzed  on  a 
Varian  3700  gas  chromatograph  (Varian  Associ¬ 
ates,  Sunnyvale,  CA,  USA)  in  flame  ionization 
detection  mode  using  a  fused-silica  capillary 
column  (25  m  x  0.32  mm  i.d.)  coated  with  5% 
cross-linked  phenylmethylsilicone  gum  phase  in 
the  split  mode  (1:10)  and  using  helium  as  the 
carrier  gas.  The  column  oven  temperature  was 
programmed  from  90  to  170°C,  5°Cmin_i. 

MS  of  the  above-mentioned  TMS  samples  and 
their  corresponding  underivatized  samples  was 
carried  out  using  a  Kratos  25RFA  analytical  mass 
spectrometer  (Kratos  Analytical,  Manchester, 
UK)  in  a  direct  insertion  probe/electron  impact 
(DIP/EI)  MS  mode  at  70  eV  and  a  source  temper¬ 
ature  of  260°C. 

2.3.  Synthesis ,  GC  and  MS  analysis  of 
WR-25595501 

WR-25595501  was  synthesized  from  WR- 
151326  using  both  iodine-induced  and  metal  ion- 
catalyzed  oxidations. 

2.4.  Iodine -induced  oxidation 

In  a  25  ml  round-bottomed  flask,  a  sample  of 
WR-1 51 326  (0.81  g)  was  gradually  dissolved  in 


cold  10%  NaOH.  To  the  resulting  solution,  1.1  g 
of  iodine  crystals  were  added  over  a  60  min  period 
while  the  reaction  mixture  was  stirred  at  4°C.  The 
progress  of  the  oxidation  reaction  was  monitored 
by  the  withdrawal  of  10-// 1  aliquots  from  the 
reaction  mixture  at  regular  intervals.  Each  sample 
was  assayed  for  the  sulfhydryl  group  by  the 
DTNB  method  as  noted  above  [13].  When  all  of 
the  sulfhydryl  groups  had  been  consumed,  the 
reaction  mixture  was  lyophilized  and  the  residue 
extracted  twice  with  20  ml  of  warm  (37°C)  acetoni¬ 
trile.  The  acetonitrile  extracts  were  combined  and 
allowed  to  stand  overnight  at  room  temperature  to 
crystallize  the  product.  Crude  crystalline  product 
was  collected  and  recrystallized  in  a  minimal 
quantity  of  acetonitrile/water  (1:1,  v/v).  An  ap¬ 
proximate  yield  of  30%  was  observed  after  further 
recrystallization  from  methanol/water  (9:1,  v/v). 

2.5.  Metal  ion-catalyzed  oxidation 

The  freshly  recrystallized  WR-1 5 1326  (0.81  g) 
was  dissolved  in  4.0  ml  of  2  //M  copper(II)  sulfate 
and  the  pH  of  the  solution  was  adjusted  to  9.0. 
The  solution  was  then  saturated  with  oxygen  gas 
and  allowed  to  stand  at  room  temperature  for  48  h 
or  until  all  of  the  free  sulfhydryls  were  consumed. 
The  reaction  mixture  was  lyophilized  and  the 
residue  was  washed  with  5  ml  of  cold  methanol 
and  extracted  three  times  with  10  ml  of  chloro¬ 
form.  The  chloroform  extracts  were  combined  and 
the  chloroform  evaporated  under  nitrogen.  The 
residue  was  then  recrystallized  in  a  minimal  quan¬ 
tity  of  methanol.  An  approximately  60%  yield  of 
the  purified  product  was  observed.  The  product 
and  its  authentic  sample,  WR-25595501,  were 
transformed  into  their  corresponding  TMS  deriva¬ 
tives  and  analyzed  on  a  Varian  GC  and  the 
observed  retention  times  (RT)  were  compared.  MS 
analysis  of  the  derivatized  and  underivatized 
product  was  also  performed  in  the  DIP/EI  mode 
to  confirm  the  identity  of  the  product. 

2.6.  GC  analysis  of  a  mixture  of  WR-1 51 326  and 
WR-25595501 

Equimolar  mixtures  of  WR-1 51 326  and  WR- 
25595501  (5,  50,  100,  250,  500  and  1000  pmol) 
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were  treated  with  BSTFA  and  transformed  into 
their  corresponding  TMS  derivatives.  The  TMS 
preparations  were  analyzed  on  a  GC  and  calibra¬ 
tion  graphs  for  both  the  compounds  were  deter¬ 
mined  by  peak  integration  of  the  corresponding 
GC  peak  area  as  a  function  of  concentration. 

2.7.  LC-EC  analysis  of  WR-151326  and 
WR-25595501 

Sample  purity  determination  and  analysis  of  the 
synthesized  WR-151326  and  WR-25595501  com¬ 
pounds  were  performed  using  LC-EC  on  a  BAS 
200A  chromatograph  (Bioanalytical  Systems,  West 
Lafayett,  IN,  USA).  Analysis  was  performed  at 
room  temperature  with  a  100  x  4.6  mm  i.d.,  5  //m, 
reversed-phase  SynChropakR  SCD-100  column 
(SynChrom,  West  Lafayette,  IN,  USA)  and  a  dual 
Hg/Au  amalgam  electrode.  The  mobile  phase  con¬ 
sisted  of  100  mM  monochloroacetic  acid  (pH  2.97) 
and  was  run  at  a  flow  rate  of  1  ml  min  “ 1 .  The 
downstream,  working  electrode  potential  was  fixed 
at  +150  mV  while  the  potential  of  the  upstream, 
“generator”  electrode,  was  set  at  —  1  V.  (Disulfides 
are  reduced  at  the  upstream  electrode,  generating 
thiols  for  detection  downstream.)  The  sensitivity  of 
the  working  electrode  was  set  at  500  nA  full-scale. 
The  helium  sparge  exhaust  vent  on  the  LC  was 
fitted  with  a  short  length  of  PEEKR  microbore 
tubing  and  was  used  to  degas  all  samples  for  at 
least  5  min  before  injection.  Standards  (10  mM) 
were  prepared  in  50  mM  perchloric  acid  from  the 
authentic  samples  of  WR-151326  and  WR- 
25595501  and  subsequently  diluted  with  mobile 
phase  to  achieve  the  desired  concentrations.  Cali¬ 
bration  graphs  ranging  between  39  and  2500  pmol 
(injected)  were  generated.  Injections  (20  //l)  were 
made  using  a  Rheodyne  Model  77251  syringe-load¬ 
ing  injector  (Rheodyne,  Cotati,  CA,  USA) 
equipped  with  a  100  /d  sample  loop.  Chromato¬ 
graphic  analysis  was  performed  using  Chrom  Per¬ 
fect  Direct  (Justice  Innovations,  Palo  Alto,  CA, 
USA)  installed  on  a  personal  computer.  The  anal¬ 
ysis  of  each  of  the  synthesized  compound’s  chro¬ 
matograms  for  their  RT  and  redox  state  as 
compared  with  those  of  the  corresponding  authen¬ 
tic  sample  was  used  as  a  qualitative  measure  of 
each  synthetic  compound’s  purity.  The  slope  and 


correlation  coefficients  were  determined  by  linear 
regression  analysis. 

3.  Results  and  discussion 

For  proper  usage  and  pharmacological  or  toxi¬ 
cological  studies,  it  is  often  necessary  to  assess  the 
drug  (or  its  metabolites)  for  various  reasons,  in¬ 
cluding  stability  of  the  drug  and  the  presence  of 
impurities  or  decomposition  products.  As  the  first 
step  towards  the  methods  development  for  the 
analysis  of  WR-151326  and  WR-25595501,  it  was 
necessary  to  synthesize,  isolate  and  purify  these 
drugs.  Both  these  active  forms  are  known;  how¬ 
ever,  neither  is  commercially  available.  To  the 
best  of  the  authors’  knowledge,  specific  protocols 
for  their  preparation  also  have  not  been  pub¬ 
lished.  Therefore,  although  the  primary  focus  of 
this  report  is  at  the  analysis  of  the  drugs,  some 
necessary  background  details  regarding  the  syn¬ 
thetic  and  purification  procedures  for  these  drugs 
are  also  provided. 

Synthesis  of  WR-151326  was  accomplished  by 
acid  hydrolysis  of  WR-151327.  The  product,  in 
turn,  was  oxidized  to  WR-25595501  under  rela¬ 
tively  mild  oxidation  conditions.  GC  and  LC-EC 
in  conjunction  with  DIP/EI/MS  methodologies 
were  utilized  to  identify,  characterize  the  chemical 
structures  and  analyze  the  purity  of  the  synthe¬ 
sized  compounds.  For  the  GC  and  MS  analyses, 
both  synthetic  and  authentic  samples  of  WR- 
151326  and  WR-25595501  were  transformed  into 
their  corresponding  TMS  derivatives  [14,15]  (to 
decrease  their  polarity  and  increase  their  volatility 
and  thermal  stability).  In  addition,  aliquots  from 
the  crude  lyophilate  and  residue  from  its 
methylene  chloride  extracts  were  individually 
transformed  into  their  corresponding  TMS 
derivatives  in  order  to  identify  all  products  from 
the  acid  hydrolysis  of  WR-151327. 

Fig.  1  shows  the  gas  chromatograms  of  the 
above-mentioned  TMS  preparations,  in  which  a 
represents  the  solvent  front,  b  the  TMS  derivative 
of  phosphoric  acid,  c  the  TMS  derivative  of  WR- 
151326  and  d  the  TMS  derivative  of  WR- 
25595501.  The  identities  of  b,  c  and  d  were  made 
by  comparison  of  their  GC  RTs  with  those  of  the 
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Fig.  1.  Gas  chromatograms  of  the  TMS  preparations:  a,  sol¬ 
vent  and  air;  b,  tri-TMS  of  phosphoric  acid;  c,  tri-TMS  of 
WR-151326;  d,  di-TMS  of  WR-2559550;  x,  unidentified 
product,  perhaps  partially  derivatized  material.  (A)  TMS 
preparation  of  hydrolysis  products  of  WR-151327  prior  to 
purification  of  the  individual  components;  (B)  TMS  prepara¬ 
tion  of  phosphoric  acid  after  purification;  (C)  TMS  prepara¬ 
tion  of  synthetic  WR-151326  after  purification;  (D)  TMS 
preparation  of  synthetic  WR-2559550 1  after  purification. 


appropriate  TMS  derivatives  of  the  authentic 
samples  and  by  observation  of  the  appropriate 
peak  enhancement  when  TMS  derivatives  of  the 
synthesized  products  were  mixed  with  those  of  the 
corresponding  authentic  samples  and  mixtures 
were  analyzed  individually.  It  is  obvious  from  the 
GC  data  (Fig.  1)  that  acid  hydrolysis  of  WR- 
151327  principally  results  in  the  formation  of 
phosphoric  acid  and  WR-151326  (Fig.  1A).  Phos¬ 
phoric  acid  can  be  isolated  from  the  hydrolysis 
reaction  product  mixture  by  methylene  chloride 
extraction  (Fig.  IB).  The  methylene  chloride-in¬ 
soluble  material  WR-151326  can  be  further 
purified  by  recrystallization  from  ethanol -water 
(9:1,  v/v)  (Fig.  1C).  WR-25595501  can  be  isolated 
from  the  reaction  product  mixture  of  mild  oxida¬ 
tion  of  WR-151326  (Fig.  ID). 

The  structural  identities  of  the  synthesized  com¬ 
pounds  were  confirmed  by  MS  analysis  of  both 
their  underivatized  and  the  TMS  derivatives  in  the 
DIP/EI  mode.  Fig.  2  shows  the  fragmentation 
pattern  of  the  TMS  derivative  of  WR-151326.  The 


molecular  ion,  M  +  ,  is  observed  at  m/z  378.  Other 
ions  of  significant  interest  are  at  mjz  363,  170, 
143,  116  and  102,  which  are  attributed  respec¬ 
tively  to  (M  +  -*CH3),  [CH3-N(TMS)-CH2- 
CH=CH-NH=CH2]\  [CH3-NH(TMS)-CH2- 
CH=CH2]  +  ,  [CH3-N(TMS)-CH3]  +  and  [CH3- 
NH-(TMS)]  +  .  The  ion  at  [15]  mjz  73  is  [Si- 
(CH3)3]  +  .  Based  on  the  presence  of  the  M+  and 
other  characteristic  fragment  ions,  the  structure  of 
this  TMS  derivative  was  confirmed  to  be  a  tri- 
TMS  derivative  of  WR-151326. 

The  mass  spectral  fragmentation  pattern  of  the 
underivatized  WR-151326  was  consistent  with  the 
chemical  structure  of  the  compound  (spectrum 
not  shown).  The  observed  M+  fragmentation  pat¬ 
tern  (ion  and  ion  relative  intensity,  %)  was  as 
follows;  mjz  at  162  (10%),  147  (90%),  131  (10%), 
103  (10%)  and  93  (10%). 

The  mass  spectral  identity  of  the  TMS  prepara¬ 
tion  of  phosphoric  acid  was  confirmed  to  be  a 
tri-TMS  derivative  of  phosphoric  acid.  The  confir¬ 
mation  was  made  principally  by  detection  of  the 
molecular  ion,  M  +  ,  at  mjz  314,  and  its  daughter 
ion  (M  +  -'CH3)  at  mjz  299  (spectrum  not 
shown). 

The  TMS  preparation  of  WR-25595501  under 
the  present  protocol  forms  the  di-TMS  derivative. 
This  was  confirmed  by  MS  analysis  of  the  TMS 
derivative  (Fig.  3).  The  spectrum  shows  the 
molecular  ion  M+  at  m/z  466,  (M  +  -*CH3)  at  mjz 
451  and  [CH3-N(TMS)-CH3]+  at  m/z  116.  The 
presence  of  low-intensity  ions  at  m/z  314  and  299 


Fig.  2.  DIP  EI  mass  spectrum  of  tri-TMS  derivative  of  WR- 
151326. 
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Fig.  3.  DIP/EI  mass  spectrum  of  di-TMS  derivative  of  WR- 
25595501. 

suggests  some  remaining  traces  of  phosphoric  acid 
in  the  sample  which  were  also  detected  in  Fig.  ID 
as  b.  On  the  other  hand,  the  DIP/EI  mass  spec¬ 
trum  of  the  underivatized  WR-25595501  failed  to 
show  a  molecular  ion  at  m/z  322  but  the  spectrum 
did  show  other  important  characteristic  ions:  m/z 
at  277  (10%),  147  (100%)  and  73  (30%).  The 
degradation  of  WR-25595501  under  mass  spectral 
conditions  cannot  be  ruled  out,  since  it  is  a  polar 
molecule. 

To  test  the  feasibility  of  simultaneous  detection 
and  analysis  of  mixtures  of  the  aminothiol  and  its 
corresponding  disulfide,  GC  calibration  graphs 
for  the  TMS  preparations  of  the  equimolar  mix¬ 
tures  of  WR-151326  and  WR-25595501  were  ana¬ 
lyzed  on  a  capillary  GC  column,  compound 
concentrations  being  plotted  against  peak  areas 
from  the  corresponding  peak  integrations.  The 
lowest  concentration  of  each  of  the  compounds 
detected  was  close  to  5  pmol.  Linear  regression 
was  used  to  analyze  the  calibration  graphs.  In 
both  cases,  the  observed  correlation  coefficient  R 2 
was  >0.997  and  was  reproducible,  indicating  an 
acceptable  relationship  for  the  data  ranges  of 
concentration  of  the  compounds  examined. 

In  addition  to  the  GC  and  MS  methodologies, 
we  developed  a  rapid  and  sensitive  LC-EC 
methodology  for  the  simultaneous  detection  and 
analysis  of  WR-151326  and  WR-25595501  as  fur¬ 
ther  confirmation  of  drug  purity  and  analysis.  The 
LC-EC  procedure  is  similar  in  principle  to  that 
described  by  McGovern  et  al.  [16]  for  WR-1065 


Table  2 

WR-151326  and  WR-25595501:  redox  state,  sensitivity  and 
detection  limit 


Parameter 

WR-151326 
(WR-151326  il) 

WR-25595501 
(WR-25595501  ") 

Redox  state  b 

>29 

<4  x  I0"9 

(>  16  x  108) 

( <4  x  10-9) 

Slope e 

162 

70 

.v-Axis  intercept  d 

132 

23 

11  Synthesized  thiol  and  disulfide  compounds. 
b  Ratio  of  thiol  to  disulfide. 
c  Detector  sensitivity  (pA  pmol"  '). 
d  Limit  of  detection  (pmol). 

and  by  Pendergrass  et  al.  [17]  for  glutathione.  The 
procedure  did  not  require  derivatization  of  the 
samples  prior  to  analysis  and  took  less  than 
1 5  min  to  complete. 

External  calibration  graphs  for  WR-151326 
were  linear  over  the  range  156-2500  pmol  injected 
(slope,  162  nA  pmol"1;  R 2  >  0.999).  The  disulfide, 
WR-25595501,  showed  a  linear  response  from  39 
to  2500  pmol  injected  (slope,  70.4  nA  pmol"1; 
R2  >  0.999).  These  data  are  summarized  in  Table 
2.  The  active  forms  of  WR-151327,  whose  specific 
syntheses  are  described  here,  are  indicated  in 
Table  2. 
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Fig.  4.  LC-EC  profiles  of  authentic  samples  of  (A)  WR- 
151326  and  WR-25595501  and  (B)  newly  synthesized  com¬ 
pounds.  1.  WR-151326  (solid  line);  II,  WR-25595501  (dashed 
line). 
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As  can  be  seen  in  Fig.  4,  the  chromatograms 
for  the  synthesized  compounds  (B)  are  superim- 
posable  over  the  chromatograms  for  the  authentic 
samples  (A).  The  purity  of  each  synthetic  com¬ 
pound  was  confirmed  by  estimation  of  its  redox 
state  (the  ratio  of  its- thiol  to  disulfide  content). 
The  authentic  thiol  compound  exhibited  traces  of 
its  symmetrical  disulfide,  presumably  due  to  au¬ 
tooxidation.  However,  both  the  newly  synthesized 
disulfide  preparation  and  the  WRAIR  (authentic) 
disulfide  preparation  were  essentially  free  of  LC- 
EC-detectable  contaminating  species.  (Authentic 
samples  of  thiol  and  disulfide  were  desiccated  and 
stored  at  —  20°C.)  The  detection  limit  (signal-to- 
noise  ratio  >3)  was  156pmol  for  the  thiol  and 
39  pmol  for  the  disulfide. 

The  procedures  for  the  conversion  of  WR- 
151327  into  WR-151326  and  WR-25595501  de¬ 
scribed  in  this  paper  provide  overall  high  yields 
and  purities  of  products.  The  mechanistic  path¬ 
way  for  the  formation  of  WR-151326  from  WR- 
151327  is  presumably  analogous  to  that  described 
by  Risley  et  al.  [9]  for  the  formation  of  WR-1065 
from  the  hydrolysis  of  WR-2721.  Hydrolysis  of 
the  phosphorothioate  compound  results  in  the 
cleavage  of  the  S-P  bond  to  yield  thiol  and 
inorganic  phosphate: 

R-S-P03H2  +  H20  ->R-S-H  +  H3P04  (1) 

The  formation  of  disulfide  by  iodine-induced 
oxidation  of  WR-151326  can  best  be  explained  as 
a  two-electron  displacement  process: 

R-S-  +I2->R-S-I  +  I-  (2) 

R-S"  +  R-S-I  ->  R-S-S-R  +  I-  (3) 

However,  metal  ion-oxygen-induced  oxidation  of 
WR-151326  is  best  considered  as  a  one-electron 
process  as  described  by  the  following  sequence  of 
reactions: 

R-S"  +  M  +  2^R-S*  +  M  +  (4) 

R-S‘  +  02-+R-S-0-0’  (5) 

R-S-O  O’  +  R-S-H  -> R-S-O-O-H  +  R-S’ 

(6) 

R-S*  ->  R-S-S-R  (7) 


The  results  indicate  that  both  the  GC  and 
LC-EC  methods  described  in  this  paper  are  spe¬ 
cific  and  sensitive  techniques  for  the  simultaneous 
detection  of  active  metabolites  of  WR-151327, 
with  the  estimate  for  the  lower  limis  of  detection 
in  the  pmol  range.  Although  the  GC  method 
appears  to  be  more  sensitive  than  LC-EC,  both 
methods  are  reliable  and  provide  reproducible 
linear  calibration  graphs  for  a  relatively  wide  range 
of  concentrations  of  the  active  forms.  The  linearity 
of  the  calibration  graphs  observed  from  the  GC 
and  LC-EC  analyses  suggest  that  these  methods 
may  be  useful  for  support  of  bulk  drug  studies. 
However,  a  more  rigorous  validation  needs  to  be 
performed  for  use  of  these  procedures  in  toxicolog¬ 
ical  studies  demonstrating  specificity  (i.e.  blank 
plasma  versus  low-level  spiked  standards),  preci¬ 
sion  and  accuracy  including  drug  stability. 


4.  Conclusions 

The  analytical  procedures  described  herein  for 
the  active  metabolities  of  WR-151327  will  be  use¬ 
ful  to  investigators  working  in  the  area  of  radio- 
or  chemoprotection  with  in  vivo  and  in  vitro 
studies.  Future  research  is  essential  in  order  to 
continue  to  evaluate  chemo-  and  radioprotective 
properties  of  these  aminothiols  and  symmetrical 
disulfide  class  of  compounds  having  structural 
similarity  to  the  benchmark  radioprotector  WR- 
2721  and  its  active  metabolites.  The  GC,  LC-EC 
and  MS  procedures  described  for  the  analysis  of 
the  active  metabolites  of  WR-151327  may  be  use¬ 
ful  in  evaluating  many  compounds  of  this  class. 


Acknowledgments 

The  authors  thank  Dr.  W.Y.  Ellis  of  Walter 
Reed  Army  Institute  of  Research,  Washington, 
DC,  for  supplying  authentic  samples  WR-151326 
and  WR-25595501  and  US  Bioscience,  West  Con- 
shohocken,  PA,  for  WR-151327.  This  work  was 
supported  by  the  Armed  Forces  Radiobiology 
Research  Institute. 


324 


Y.N .  Vaishnav  et  al.jj.  Pharm.  Biomeci.  Anal.  14  (1996)  317-324 


References 

[1]  H.M.  Patt,  E.B.  Tyree,  R.L.  Straube  and  D.E.  Smith, 
Science,  110  (1949)  213-215. 

[2]  T.R.  Sweeney,  A  Survey  of  Compounds  from  the  Antira¬ 
diation  Drug  Development  Program  of  the  US  Army 
Medical  Research  and  Development  Command,  Walter 
Reed  Army  Institute  of  Research,  Washington,  DC,  1979. 

[3]  H.  Marquardt,  M.D.  Sapozink  and  M.S.  Zedeck,  Cancer 
Res.,  74  (1978)  415-419. 

[4]  C.K.  Hill,  B.  Nagy,  C.  Paraino  and  D.J.  Grdina,  Carcino¬ 
genesis,  7  (1978)  665-672. 

[5]  E.A.  Holwitt,  E.  Koda  and  C.E.  Swenberg,  Radiat.  Res., 
126  (3990)  107-110. 

[6]  J.F.  Utley,  N.  Seaver,  G.L.  Newton  and  R.C.  Fahey,  Int. 
J.  Radiat.  Oncol.  Biol.  Phys.,  10  (1984)  1525-1532. 

[7]  T.  Mori,  M.  Watanabe,  M.  Horikawa,  P.  Nikaido,  H. 
Kimura,  T.  Aoyma  and  T.  Sugahara,  Int.  J.  Radiat.  Biol., 
44  (1983)  41-45. 


[8]  G.D.  Smoluk,  R.C.  Fahey,  P.M.  Calabro-Jones,  J.A. 
Aguilera  and  J.F.  Ward,  Cancer  Res.,  48  (1988)  3641- 
3646. 

[9]  J.M.  Risley,  R.L.  Van  Etten,  L.M.  Shaw  and  H.  Bonner, 
Biochem.  Pharmacol.,  35  (1986)  1453-1459. 

[10]  W.A.  Prutz,  Int.  J.  Radiat.  Biol.,  56  (1989)  21-27. 

[11]  D.J.  Grdina,  C.P.  Sigdestad  and  B.A.  Carnes,  Radiat. 
Res.,  17  (1989)  500-507. 

[12]  D.J.  Grdina,  P.  Dale  and  B.A.  Weichselbaum,  Int.  J. 
Radiat.  Oncol.  Biol.  Phys.,  22  (1992)  813-820. 

[13]  G.L.  Ellman,  Arch.  Biochem.  Biophys.,  82  (1959)  70-77. 

[14]  Y.N.  Vaishnav  and  C.E.  Swenberg,  Radiat.  Res.,  133 
(1992)  12-17. 

[15]  Y.N.  Vaishnav,  E.A.  Holwitt,  C.E.  Swenberg,  H.-C.  Lee 
and  L.-S.  Kan,  J.  Biomol.  Struct.  Dyn.,  8  (1991)  935-951. 

[16]  E.P.  McGovern,  N.F.  Swynnerton,  P.D.  Steele  and  D.J. 
Mangold,  Int.  J.  Radiat.  Oncol.  Biol.  Phys.,  10  (1984) 
1517-1520. 

[17]  J.R.  Pendergrass,  E.P.  Clark  and  D.L.  Palazzolo,  Curr. 
Sep.,  123  (1993)  137-140. 


INT.  J.  RADIAT.  BIOL  1996,  VOL.  70,  NO.  6,  735-745 


ARMED  FORCES  RADIOBIOLOGY 
RESEARCH  INSTITUTE 

SCIENTIFIC  REPORT 

SR96-11 


Mechlorethamine-induced  enhancement  of  radiation  sensitivity  of 
guanine 

Y.  N.  VAISHNAV*  and  C.  E.  SWENBERG 

(. Received  4  March  1996;  accepted  19  August  1996) 


Abstract.  This  study  describes  and  characterizes  the  inter¬ 
actions  of  nitrogen  mustard  mechlorethamine  (HN2)  with 
guanine  and  the  radiation  sensitivity  of  guanine  in  the 
presence  of  HN2.  Briefly,  in  an  equimolar  solution 
(0-5  mmol  dm-3)  the  pH-dependence  (pH  3-0-12*0)  and 
time-dependence.  (0-36  h)  of  alkylation  of  guanine  at  room 
temperature  were  determined  using  a  reverse-phase  high- 
performance  liquid  chromatography  (hplc)  column.  Based 
on  the  hplc  peak  areas  of  the  product  and  intact  guanine, 
the  optimal  pH  for  alkylation  was  determined  to  be  8*0. 
Similarly,  the  optimal  time  required  for  alkylation  was  10  h. 
Two  products,  i.e.  alkylated  guanines,  were  detected  (10:1, 
peak  areas  measured  at  260  nm)  and  purified.  Structural 
studies  of  the  products  were  performed  by  direct  insertion 
probe-electron  impact  mass  spectrometry.  These  products 
were  identified  as  A-(2-chloroethyl)-N-[2-(7-guanyl)-ethyl]- 
methylamine  (product  1)  and  A-(2-hydroxyethyl)-AL[2-(7- 
guanyl)ethyl]-methylamine  (product  2).  At  optimal  con¬ 
ditions,  samples  of  either  guanine  or  an  equimolar  solution 
of  guanine  and  HN2  were  60Co  irradiated  (7-ray)  at 
25  Gy  min”1  at  doses  up  to  400  Gy.  Both  sets  of  samples 
were  analysed  by  hplc.  In  each  case,  the  sole  radiation 
product  observed  and  characterized  was  8-hydroxy-guanine. 
Dose-yield  plots  were  linear  and  showed  that  HN2  enhanced 
the  radiation  sensitivity  of  guanine.  This  increase  in  radia¬ 
tion  sensitivity  is  attributed  to  the  differences  in  electro¬ 
philic  properties  between  nitrogen  mustard  and  guanine. 


1.  Introduction 

Nitrogen  mustard  mechlorethamine  [(bis-2- 
chloroethyl)methyl-amine;  HN2]  was  the  first 
effective  anticancer  agent  employed  clinically 
(Mattes  et  al.  1986).  Derivatives  of  HN2,  such  as  l- 
phenylalanine  mustard,  chlorambucil  and  cyclo¬ 
phosphamide  are  also  effective  therapeutic  agents 
(Haskell  1990)  even  though  they  are  highly  car¬ 
cinogenic.  Studies  of  the  risk  of  acute  non- 
lymphocytic  leukaemia  in  the  presence  of 
radiation,  radiation  and  alkylating  agents,  and  alky¬ 
lating  agents  alone  demonstrated  the  increased 
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occurrence  of  a  non-additive  risk  when  both 
agents  are  used  (Curtis  et  al.  1992).  Nitrogen 
mustards  are  bifunctional  alkylating  agents  and, 
due  to  their  electrophilic  nature,  they  may  alky¬ 
late  any  accessible  nucleophilic  atoms  in  nucleic 
acids,  proteins  or  other  biomolecules  (Ehrenberg 
1961).  However,  the  major  site  of  alkylation  of 
DNA  is  the  N-7  position  of  guanine  (Tomaz  1969). 
This  particular  interaction  accounts  for  approxi¬ 
mately  90%  of  the  total.  All  bifunctional  nitrogen 
mustards,  including  mechlorethamine,  covalently 
modify  DNA  predominantly  at  the  N-7  position  of 
guanine,  resulting  in  monoadducts  as  well  as 
inter-  and  intrastrand  cross-links  (Brookes  and 
Lawley  1961).  DNA-mustard- protein  cross-links 
have  also  been  observed  in  intact  cells  (Ewig  and 
Kohn  1978).  The  role  of  these  lesions  in  cytotoxi¬ 
city  is  not  clear;  however,  it  is  generally  believed 
that  DNA  alkylating  agent-mediated  interstrand 
linkage  is  essential  for  inhibition  of  DNA  replica¬ 
tion  (Kohn  et  al.  1966).  Therapeutically  effective 
antitumour  activity  suggests  that  mustards  have 
two  functional  groups  involved  in  the  formation 
of  crosslinks  between  the  macromolecular  sites 
(Hartley  et  al.  1992). 

The  nitrogen  mustards  often  mimic  ionizing 
radiation  in  many  respects  (Calabresi  and  Welch 
1968).  Both  mustard  agents  and  ionizing  radiation 
induce  a  number  of  lesions  in  DNA,  including 
modified  bases,  base-free  sites  and  single-  and 
double-strand  breaks  (Geacintov  and  Swenberg 
1993,  Povirk  and  Shuker  1994).  Both  agents 
appear  to  be  relatively  unique  in  their  actions 
against  chromosomes  and  their  capacity  to  induce 
genetic  mutation  (Calabresi  and  Welch  1968). 
However,  their  actions  are  not  entirely  qualita¬ 
tively  similar  (Roller  1960).  The  important  differ¬ 
ences  relate  to  the  temporal  course  of  induced 
cytological  changes  and  to  the  combined  toxici¬ 
des  of  nitrogen  mustard  and  ionizing  radiation 
that  are  not  strictly  additive  (Calabresi  and  Welch 
1968),  a  result  supported  by  our  research. 

In  spite  of  the  importance  of  the  biological 
endpoints  produced  by  nitrogen  mustards  alone 
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and  in  combination  with  radiation,  relatively  few 
studies  have  been  undertaken  to  characterize  and 
elucidate  fully  the  chemical  nature  of  such  DNA 
lesions.  As  nitrogen  mustards  and  ionizing  radia¬ 
tion  remain  parts  of  the  radiotherapeutic  and 
chemotherapeutic  regimen  for  malignant  diseases, 
it  is  important  to  investigate  their  individual  and 
combined  interactions  with  constituents  of  DNA 
in  order  to  understand  further  their  biological 
consequences.  A  detailed  molecular  description 
of  events  involved  in  combined  exposures  of  these 
two  agents  should  be  helpful  in  understanding 
adverse  reactions  and  for  the  development  of 
appropriate  countermeasures.  As  guanine  is 
known  to  be  the  base  most  susceptible  to  alkyl 
modifications,  we  used  it  as  our  model  system.  In 
this  paper,  the  conditions  used  for  the  formation 
of  the  detected  products  of  mechlorethamine 
interactions  with  guanine  are  optimized,  and  the 
radiation  sensitivity  and  radiation  chemistry  of 
guanine  in  the  absence  and  presence  of  nitrogen 
mustard  (HN2)  are  reported. 

2.  Materials  and  methods 

2.1.  Reagents  and  instruments 

Guanine,  mechlorethamine  hydrochloride  and 
triethanolamine  hydrochloride  were  purchased 
from  Sigma  Chemical  Co.  (St  Louis,  MO,  USA). 
Hplc-grade  acetonitrile  was  obtained  from  Aldrich 
Chemical  Co.  (Milwaukee,  WI,  USA).  A-O-bis- 
(trimethylsilyl)-trifluoroacetamide  (BSTFA)  was 
purchased  from  Supelco,  Inc.  (Bellefonte,  PA, 
USA).  All  hplc  analyses  were  performed  using  a 
Kratos  Analytical  Spectroflow  400  solvent  delivery 
system  on-line  with  a  model  SP-4100  computing 
integrator  and  an  Applied  Biosystems  model  783 
absorbance  detector  gradient  controller  (all 
Ramsey,  NJ,  USA).  Mass  spectral  analyses  were 
performed  on  the  Kratos  Analytical  25RFA  mass 
spectrometer  system  (Manchester,  UK)  using  a 
direct  insertion  probe/electon  impact  mode 
(DIP/EI)  using  perfluorokerosine  (PFK)  as  an  inter¬ 
nal  standard.  Experiments  using  7-irradiation 
were  performed  in  our  60Co  facility. 

2.2.  Detection  and  isolation  of  the  products 

Aqueous  solutions  of  guanine  (0*5  mmol  dm  ) 
alone  and  an  equimolar  mixture  of  guanine  and 
mechlorethamine  (0*5  mmol  dm-3  each)  in  aqueous 
triethanolamine  hydrochloride  (100  mmol  dm-3, 


pH  7-5  adjusted  with  0*5  mol  dm-3  NaOH)  were 
allowed  to  stand  at  room  temperature  for  3h. 
Subsequently,  aliquots  (10  fA)  from  each  solution 
were  analysed  by  high-performance  liquid  chro¬ 
matography  (hplc)  using  a  reverse-phase  semipre¬ 
paratory  column  (Speris,  UK;  250  x  10  mm)  in  an 
isocratic  eluent  mode  (water-acetonitrile-acetic 
acid  in  85:13:2,  v/v/v  or  0*1  mmol  dm-3  ammonium 
acetate-acetonitrile  in  9:1,  v/v).  Hplc  peak  profiles 
of  both  samples  were  recorded  by  optical  detec¬ 
tion  at  260  nm.  Products  were  collected  and 
freeze-dried  for  subsequent  mass  spectral  (MS) 
analysis. 


2.3.  Mass  spectrometry 

Hplc-purified  products  1  and  2  (P-1  and  P-2) 
were  converted  into  their  corresponding  tri- 
methylsilyl  (TMS)  derivatives.  In  reaction  vials, 
approximately  100-/ig  samples  of  either  P-1  or 
P-2  were  dissolved  in  25 -fil  mixtures  of  acetonitrile- 
BSTFA  (1 : 2,  v/v).  The  resulting  mixtures  were 
subsequently  heated  to  65°C  for  45  min  and  then 
allowed  to  stand  at  room  temperature  for  an 
additional  40  min  to  equilibriate  the  mixtures. 
Using  the  direct  insertion  probe  (DIP),  3-4  /d  of 
the  silylated  products  were  individually  analysed 
in  an  electron  impact  (El)  mode  (70  eV;  constant 
source  temperature  270°C),  and  mass  spectra 
were  recorded  as  previously  described  (Vaishnav 
and  Swenberg  1993). 


2.4.  Interaction  of  guanine  with  mechlorethamine: 
pH  dependence 

An  aqueous  solution  of  triethanolamine  hydro¬ 
chloride  (100  mmol  dm-3,  100  ml)  was  equally 
divided  into  10  fractions.  This  pH  was  adjusted 
from  3*0  to  12*0  respectively  with  either 
OTmoldm-3  NaOH  or  0*1  mol  dm-3  HC1.  After 
having  adjusted  pH,  each  fraction  was  made  to 
0*5  mmol  dm-3  (equimolar)  with  respect  to  guanine 
and  mechlorethamine.  The  resulting  mixtures  were 
allowed  to  incubate  at  room  temperature  for  3  h, 
and  then  placed  in  an  icebath  until  all  samples 
were  analysed.  The  progress  of  the  reaction  at 
each  pH  was  monitored  by  a  reverse-phase 
hplc  column  as  described.  The  peak  areas  for 
each  product  were  determined  by  triangulation 
by  a  digital  integrator.  Following  initial  analysis, 
samples  were  allowed  to  incubate  at  room  tem¬ 
perature  (72  h)  and  were  subsequently  reanalysed. 
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2.5.  Interactions  of  guanine  with  mechlorethamine:  time 
dependence 

An  equimolar  mixture  of  guanine  and  mechlor¬ 
ethamine  (0*5  mmol  dm-3)  in  100  mmol  dm-3  tri¬ 
ethanolamine  (pH  8)  was  allowed  to  incubate  at 
room  temperature,  and  aliquots  (10  /il)  were  with¬ 
drawn  periodically  between  0  and  40  h  from  the 
incubating  mixture  and  analysed  on  a  reverse- 
phase  hplc  column  as  described.  The  peak  areas 
for  P-1,  P-2  and  the  unreacted  guanine  (G)  were 
determined. 


2.6.  Irradiation  of  guanine  with/without 
mechlorethamine 

Aqueous  solutions  of  guanine  and  mechloretha¬ 
mine  (0*5  mmol  dm  3  each)  were  prepared  in 
100  mmol  dm-3  triethanolamine  hydrochloride 
buffer  (pH  7*5).  The  solutions  were  allowed  to 
stand  overnight  at  room  temperature.  Aliquots 
(200  til)  from  these  solutions  were  withdrawn  and 
placed  individually  into  irradiation  vials  (micro¬ 
polypropylene  tubes  [500  /il]).  Marsch  Biomedical 
Products,  Rochester,  NY,  USA).  The  air-saturated 
samples  were  then  exposed  bilaterally  to  different 
doses  of  60Co  (7-rays;  0,  40,  80,  120,  160,  200,  250, 
300  and  400  Gy)  at  a  dose-rate  of  approximately 
25  Gy  min  \  Irradiated  samples  and  unirradiated 
controls  were  allowed  to  stand  at  4°C  until  analy¬ 
sis.  Both  sets  of  samples  were  analysed  according 
to  the  conditions  for  reverse-phase  hplc  described 
previously  (0T  mmol  dm-3  ammonium  acetate- 
acetonitrile,  9:1,  v/v).  Prior  to  sample  irradiations, 
the  desired  dose-rate  was  established  using  a 
0*5-cm3  tissue-equivalent  (TE)  ionization  chamber. 
The  tissue-air  ratio  (TAR)  was  estimated  to  be 
0-98. 


3.  Results 

3.1.  Hplc  and  mass  spectral  analysis 

The  hplc  product  profiles  of  the  interaction  of 
guanine  with  mechlorethamine  in  equimolar  aqu¬ 
eous  mixture  of  guanine  and  mechlorethamine  in 
100  mmol  dm”3  triethanolamine  buffer  (pH  7-5) 
are  provided  in  Figure  1.  From  the  hplc  product 
profiles  it  was  determined  that  an  equimolar 
aqueous  mixture  of  guanine  and  mechloretha¬ 
mine  at  room  temperature  (pH  7-5)  resulted  in 
two  new  products,  P-1  (RT  =  1T08  min)  and  P-2 
(RT  =  14-44  min),  in  addition  to  unaltered 


Retention  time  (min) 


Figure  1.  Representative  hplc  product  profiles  of  (a) 
guanine  standard,  (b)  interaction  products  of  guanine 
with  mechlorethamine,  (c)  60Co  7-irradiated  guanine 
(100  Gy,  25  Gy/min),  and  (d)  60Co  7-irradiated  equi¬ 
molar  mixture  of  guanine  and  mechlorethamine  at 
optimal  conditions  of  adduct  formation  (100  Gy,  25  Gy 
min-1),  where  G,  P-1,  P-2  and  R  represent  gua¬ 
nine,  product  1,  product  2  and  the  radiation  product 
respectively. 


guanine  (RT  -  7*90  min)  (Figure  1).  The  hom- 
geneity  of  P-1,  P-2  and  G  were  confirmed  by  two 
additional  analytical  hplc  columns  (Speris  and 
Hypersil  ODS,  both  250  x4  mm)  using  0  2  mmol 
dm  ammonium  acetate-acetonitrile  eluent  (9:1, 
v/v;  260  nm)  in  an  isocratic  mode.  The  Speris 
semipreparatory  hplc  column  (250  x10  mm, 
0T  mmol  dm”3  ammonium  acetate-acetonitrile, 
9:1,  v/v)  system  was  routinely  employed  to  analyse 
R,  P-1,  P-2  and  G  simultaneously  (Figure  1).  The 
unaltered  guanine  peak,  labelled  G,  P-1  and  P-2, 
was  isolated  and  purified  on  a  reverse-phase  hplc. 
The  purified  samples  were  freeze-dried  and  con¬ 
verted  into  their  corresponding  TMS  derivatives. 
The  TMS  derivatives  of  P-1,  P-2  and  G  were 
analysed  individually  in  a  DIP/EI/MS  mode.  The 
molecular  ion  (M+ )  of  P-1  had  mlz  =  414 
(Figure  2A),  consistent  with  the  molecular  for¬ 
mula  of  the  di-TMS  derivative  of  a  monoalkyl 
adduct  of  guanine  with  mechlorethamine  (di- 
2TMS-Ci0H13N6OC1).  Further  fragmentations  of 
the  M+  resulted  in  several  prominent  ions 
characteristic  of  the  di-TMS  derivative.  The  ion 
at  mlz  352  appears  to  have  arisen  from  the 
combined  loss  of  neutral  products  (HC1)  and 
(HC=CH)  or  (H2C=CC1H)  from  the  molecular 
ion.  On  the  other  hand,  ions  at  m/z  248  and  246 
appear  to  be  fragmentation  products  of  the  M  +  * 
of  the  di-TMS  derivative  of  the  monoalkyl  aduct 
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Figure  2.  Electron  impact  mass  spectra  of  the  TMS  deriva¬ 
tives:  (A)  P-1  and  (B)  P-2.  P-1  and  P-2  were  isolated 
from  the  products  of  interaction  in  an  aqueous  solu¬ 
tion  of  guanine  with  mechlorethamine  by  reverse- 
phase  hplc,  freeze  dried  and  converted  into  their 
corresponding  TMS  derivatives;  arrows  denote  the 
magnified  relative  intensity  scale. 

(P-1).  Ions  m/z24:8  and  246  are  attributed  to  com¬ 
bined  losses  of  the  following  neutral  fragments: 
[H2  +  CH3-NH-CH2-CH2-C1]  and  [2H2+CH3- 
NH-CH2-CH2-C1]  respectively.  The  appearance 
of  ions  mlz  205  and  203  is  attributed  to  the  losses 
of  the  neutral  fragment  (HN=C=0)  from  the 
further  fragmentations  of  ions  mlz  248  and  246 
respectively.  The  medium  intensity  ion  mlz  170  is 
attributed  to  [(CH3-Si=CH2)-(N-TMS)-C=N]  +  . 
The  high-intensity  ion  mlz  147,  [(CH3)3~Si-0-Si- 
(CH3)2] + ,  is  characteristic  and  is  diagnostic  for  the 
presence  of  oxygen  in  the  base  (McCloskey  1974). 
Scheme  I  explains  the  formation  of  all  prominent 
daughter  ions  from  the  M+  of  the  di-TMS  deri¬ 
vative  of  P-1* 

The  DIP/EI/MS  of  the  TMS  preparation  of 
the  hplc-purified  P-2  showed  M+  at  mlz  468 
(Figure  2B)  to  be  consistent  with  the  molecule 
3TMS-Ci0H13N6O2.  It  appears  from  the  spectrum 


that  mlz  367  arises  from  silyl  group  migration 
from  the  sidechain  alkyl  group  to  the  N-9  of  the 
guanine  moiety,  resulting  in  the  loss  of  a  neutral 
fragment  (~CH2-CH2-N(CH3)-CH2-CH2-0^) 
from  the  M  +  '  (N-7  position  of  guanine  moiety). 
Alternatively,  the  silyl  group  could  migrate 
(McLafferty  1980)  from  the  sidechain  alkyl  group 
to  the  -NH-TMS  grouping  at  the  C-3  atom  of 
guanine,  which  subsequently  expels  CH3,  a  loss 
of  15  (mlz)  from  the  mlz  367  to  give  rise  to  a  new 
ion,  mlz  352.  As  described,  loss  of  CH3  is  a  char¬ 
acteristic  of  TMS  compounds  (McCloskey  1974). 
Also,  the  transfer  of  TMS  groups  from  one  to  the 
other  atom  is  not  uncommon  in  TMS  derivatives 
of  heterocyclic  organic  compounds  and  specifi¬ 
cally  in  nucleic  acid  components  (McLafferty 
1980).  The  low  intensity  ion  at  mlz  295  presumably 
arises  from  the  mlz  367  as  a  result  of  loss  of  one  of 
the  silyl  groups  and  subsequent  protonation.  Ions 
mlz  248  and  246  appear  to  be  the  consequences  of 
combined  losses  of  [HN(CH3)~CH2-CH2-0- 
TMS  +  TMS]  and  [HN(CH3)-CH2-CH2-OTMS  + 
TMS  +  2H  ]  respectively  from  the  molecular  ion 
(mlz  468).  The  intense  ion  mlz  170  is  attributed  to 
[(CH3-Si=CH2)-N(TMS)-C=N]  +  ,  which  is  not 
unusual  in  trimethylsilylated  purine  and  pyrimi¬ 
dine  bases  as  discussed  (Scheme  II).  The  low- 
intensity  ion  mlz  402  could  not  be  identified 
from  the  available  data.  This  ion  could  be  due  to 
the  presence  of  a  trace  amount  of  contaminant  in 
the  sample. 

The  mass  spectra  of  the  TMS  derivatives  of  the 
isolated  sample  (Figure  1,  peak  labelled  G)  and  an 
authentic  sample  of  guanine  were  identical  (spec¬ 
tra  not  shown).  Under  the  mass  spectral  con¬ 
ditions,  no  extensive  fragmentation  of  the  tri- 
TMS  derivative  was  observed.  The  M+  was 
observed  at  mlz  367,  which  corresponds  to  the 
tri-TMS  derivative  of  guanine.  The  ion  (m/z  352) 
represents  (M+  ~'CH3).  The  ion  (mlz  147)  is  attrib¬ 
uted  to  [(CH3)3-Si-0-Si-(CH3)2]+  as  described 
earlier.  In  addition  to  these  prominent  ions,  other 
low-intensity  ions  included  m/z  294,  295,  281  and 
221.  These  fragmentation  patterns  are  identical  to 
that  previously  reported  (McCloskey  et  al.  1968) 
for  the  TMS  derivative  of  guanine. 


3.2.  pH-dependent  formation  of  guanine- 
mechlorethamine  adducts 

The  interactions  of  guanine  with  nitrogen  mus¬ 
tard  were  studied  under  a  wide  pH  range  in 
100  mmol  dm-3  ethanolamine  hydrochloride  buffer. 
Mixtures  of  guanine  and  jrnechlorethamine  at 
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m/z  246 

Scheme  I.  Plausible  pathway  of  the  mass  spectral  ion  fragmentation  pattern  of  the  TMS  derivative  of  P-1. 

different  pHs  (between  3*0  and  12*0)  were  allowed  corresponding  peak  areas  ( p )  for  P-1  or  P-2,  and 
to  stand  at  room  temperature  for  3  h  prior  to  (g)  of  unaltered  guanine  (G)  were  determined  for 

analysis.  At  the  end  of  the  incubation  period,  each  pH.  From  the  peak  area  values  [102  x 

each  sample  was  analysed  on  a  reverse-phase  pl(p+g)]>  the  %  product  (P-1  or  P-2)  formed  was 

hplc.  From  the  resulting  chromatograms,  the  derived  for  each  sample  and  plotted  as  a  function 


m/z  246 


m/z  295 


Scheme  II.  Plausible  pathway  of  the  mass  spectral  ion  fragmentation  pattern  of  the  TMS  derivative  of  P-2. 
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Figure  3.  pH-dependent  product  formation:  interaction  of 
guanine  with  mechlorethamine:  An  equimolar  solu¬ 
tion  of  mechlorethamine  and  guanine  was  prepared  in 
100  mmol  dm”3  triethanolamine  hydrochloride,  and 
samples  (10  pi)  from  this  solution  were  allowed  to 
incubate  at  different  pHs  (3*0- 12  0)  at  room  tempera¬ 
ture.  Aliquots  from  these  solutions  were  analysed  by 
hplc  at  specific  time  intervals.  From  the  hplc  chroma¬ 
tograms,  the  formation  of  the  product  was  determined 
by  peak  areas  of  product  and  intact  guanine.  As 
shown,  the  pH  in  the  vicinity  of  8  0  favours  product 
formation  to  the  greatest  extent. 

of  pH.  As  evident  in  Figure  3  the  maximum 
product  formation  occurred  between  pH  7*5  and 
8*5.  The  samples  were  similarly  analysed  after  72  h, 
and  from  the  peak  area  values  were  determined 
and  plotted  against  the  corresponding  pHs.  No 
significant  qualitative  differences  were  observed 
in  the  product  formation  for  samples  incubating 
for  periods  of  3  or  72  h  although  at  pHs  between 
7*5  and  8*5  there  were  differences  in  the  amounts 
of  products  formed  when  incubations  were 
allowed  to  proceed  for  72  as  compared  with  3h. 
Figure  3  represents  the  means  of  three  indepen¬ 
dent  experimental  observations. 

3.3.  T ime-dependent  formation  of  guanine  - 
mechloethamine  adducts 

An  equimolar  (0*5  mmol  dm”3)  mixture  of  gua¬ 
nine  and  mechlorethamine  was  allowed  to  incu¬ 
bate  in  either  100  mmol  dm”3  triethanolamine  or 
100  mmol  dm”3  sodium  phosphate  buffer  at  room 
temperature  for  48  h.  Progress  of  the  reaction  was 
monitored  on  an  hplc  by  injecting  5/d  of  the 
incubating  mixture  on  a  reverse-phase  column. 
The  formation  of  P-1  and  P-2  in  relation  to  the 
intact  guanine  was  determined  using  peak  areas 
from  the  corresponding  chromatograms.  From 
the  peak  areas  p  and  g  of  products  and  intact 
guanine  respectively  for  each  sample,  the  peak 


Figure  4.  Time-course  studies  on  interaction  of  guanine 
with  mechlorethamine.  Aliquots  from  the  equimolar 
(0-5  mmol  dm”3)  incubating  solution  of  guanine  with 
mechlorethamine  in  triethanolamine  buffer  (pH  8‘0) 
were  analysed  on  an  hplc  reverse-phase  column  at 
specific  time  intervals.  The  peak  areas  of  P-1,  P-2  and 
G  were  determined  from  the  hplc  chromatograms  and 
from  this  P-1  and  P-2  were  quantified  and  plotted 
against  time.  At  pH  8  0  the  optimal  time  required  for 
formation  of  P-1  and  P-2  is  between  8  and  10  h. 

area  value  was  derived  and  plotted  against  time. 
As  evident  from  data  in  Figure  4,  which  were 
recorded  under  optimal  pH  conditions  and  at 
room  temperature,  the  plateau  levels  for  forma¬ 
tion  of  P-1  and  P-2  were  achieved  after  8  h.  When 
mechlorethamine-guanine  interactions  were 
studied  in  100  mmol  dm”3  sodium  phosphate 
buffer  (pH  7*4,  room  temperature  or  37°C),  P-1 
and  P-2  were  observed  but  with  lower  yields  (data 
not  shown). 


3.4.  Gamma-irradiation 

Irradiation  of  guanine  in  the  presence  and 
absence  of  nitrogen  mustard  was  done  as 
described  in  §2.  Both  sets  of  samples  were 
analysed  on  a  reverse-phase  hplc  column,  and 
the  resulting  peak  areas  for  each  peak  represent¬ 
ing  irradiation  product  (R)  and  unaltered  guanine 
(G),  r  and  g  respectively,  were  determined 
(Figure  1).  Under  the  described  analytical  con¬ 
ditions,  the  peak  labelled  R  in  the  chromatogram 
was  the  only  radiation  product  detected  and  was 
common  to  both  sets  of  irradiated  samples.  From 
the  hplc  chromatogram  values  [10  2x  r/(r  +  g)],  % 
guanine  damage  was  determined  for  each  sample 
and  plotted  as  a  function  of  radiation  dose  for 
both  sets  of  experiments  (Figure  5).  Furthermore, 
eluents  from  the  hplc  peaks  corresponding  to 
product  R  were  collected  from  both  sets  of 
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Figure  5.  7-Ray  irradiation  of  guanine  in  the  presence  and 
absence  of  mechlorethamine.  Samples  of  guanine  and 
equimolar  mixture  of  guanine  with  mechlorethamine 
were  irradiated  under  optimal  conditions  as  described 
in  §2.  The  damage  to  guanine  was  determined  from 
peak  areas  of  the  radiation  product  labelled  R  and 
intact  guanine  (G)  in  Figure  lc  and  d.  Each  column 
represents  the  means  of  three  independent  experi¬ 
ments  ±SEM.  As  evidenced,  the  nitrogen  mustard 
enhanced  the  radiation  sensitivity  of  guanine. 

irradiated  samples,  then  combined  and  freeze- 
dried.  A  sample  from  the  residue  was  reinjected 
into  hplc  to  verify  that  the  products  R  in  both  sets 
of  experiments  were  identical.  The  remaining 
freeze-dried  product  R  was  converted  into  its 
corresponding  TMS  derivative,  and  this  derivative 
was  analysed  on  a  mass  spectrometer  in  a  DIP/EI / 
MS  mode.  The  mass  spectrum  of  the  TMS  deriva¬ 
tive  (Figure  6)  showed  M  +  '  =  m/z  455,  being  con¬ 
sistent  with  the  molecular  formula  C5H5O2N5- 
(TMS)4  The  other  prominent  daughter  ions 


Figure  6.  Electron  impact  mass  spectrum  of  the  radiation 
product  of  guanine:  radiation  product  labelled  R 
(Figure  lc  and  d)  was  purified  as  described  §2.  The 
product  was  converted  into  its  TMS  derivative  and 
analysed  on  a  DIP/EI/MS  system. 


were  characterized  as  follows:  the  characteristic 
loss  of  CH3,  m/z  440  (M+  -15);  m/z  367  (m/z  440  - 
TMS);  and  ions  m/z  170  [(CH3-Si~CH2)-N(TMS)~ 
C=N] + ,  m/z  147  [(CH3)3-Si-0-Si-(CH3)2]+  and 
m/z  73  was  attributed  to  [Si-(CH3)3]  +  .  On  the  basis 
of  the  fragmentation  patterns  of  the  TMS  deriva¬ 
tive  of  the  product  R  and  comparison  of  this 
pattern  with  that  reported  (Dizdaroglu  1985, 
Fuciarelli  et  al .  1989),  we  determined  the  chemical 
structure  of  product  R  to  be  8-hydroxy-guanine 
(for  the  chemical  structure,  see  Scheme  III). 


4.  Discussion 

To  our  knowledge  very  few  reports  have  been 
published  that  adequately  characterize  the  DNA 
adducts  produced  by  alkylating  chemotherapeutic 
agents,  such  as  nitrogen  mustards,  in  the  presence 
of  ionizing  radiation,  despite  the  fact  that  their 
primary  effects  are  thought  to  be  the  results  of 
their  interactions  with  DNA.  The  nitrogen  mus¬ 
tards  present  considerable  challenges  because 
their  interaction  products  with  DNA  are  likely 
to  be  labile  and  many  undergo  secondary  reac¬ 
tions  (Hemminki  1985).  For  example,  alkylation  of 
guanine-N-7  labilizes  the  guanine  base,  resulting 
in  either  an  acid-catalysed  depurination  or  an 
alkali-catalysed  ring  opening.  Most  of  such  studies 
have  been  performed  at  nucleoside  levels.  How¬ 
ever,  it  has  been  reported  (Hemminki  et  al.  1989) 
that  the  depurination  is  about  50  times  faster 
in  nucleosides  than  in  double-stranded  DNA 
(Brooks  and  Lawley  1961).  Considering  these 
reported  observations  and  in  order  to  get 
improved  perspectives  of  these  interactions  at 
the  DNA  base  level,  we  determined  the  optimal 
conditions  (pH,  buffer  and  time)  governing  the 
interactions  of  mechlorethamine  with  guanine. 
Our  results  suggest  that  these  interactions  pro¬ 
duced  two  monoadduct  derivatives  P-1  and  P-2. 
Both  products  of  the  alkylation  reaction  were 
purified  and  converted  into  their  corresponding 
TMS  derivatives  to  decrease  polarity  and  increase 
volatility  required  for  mass  spectral  analysis  in 
DIP/EI/MS  mode.  From  the  mass  spectral  data,  the 
chemical  names  assigned  were  N-(2-chloroethyl)- 
A-[2-(7-guanyl)ethyl]methylamine  (P-1)  and  N-( 2- 
hydroxyethyl)-A-[2-(7-guanyl)ethyl]methylamine 
(P-2)  (for  chemical  structures,  see  Scheme  III).  The 
formation  of  these  products  can  be  rationalized 
by  considerations  of  Scheme  IV.  Lowering  the 
pH  <7-5  results  in  a  decrease  in  the  reactivity  of 
mechlorethamine  towards  nucleophilic  reagents 
due  to  protonation  of  the  nitrogen  atom  of  the 
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ci-ch2-ch2 


[R]  [P-2] 

Scheme  III.  Chemical  structures  of  P-1,  P-2,  G  and  R. 


tertiary  amine  ( pKa  4*95).  At  neutral  or  alkaline 
pH,  by  following  the  SN1  reaction  mechanism 
mechlorethamine  initially  forms  a  reactive  car- 
bonium  ion  (aziridinium  ion)  intermediate 
(Calabresi  and  Welch  1968);  this  in  turn  attacks 
guanine  at  its  most  nucleophilic  site  (N-7)  to  give  a 
mono-adduct  such  as  P-1.  This  mono-adduct,  by 
similar  SN1  mechanisms,  can  either  give  rise  to  a 
di-adduct  or  can  interact  with  the  solvent  and 
hydrolyze  by  following  the  SN2-type  reaction 
mechanisms  to  give  products  such  as  P-2.  Kinetic 
model  studies  of  Mattes  (1992)  on  mechloretha¬ 
mine  reactions  support  these  mechanistic  path¬ 
ways  for  production  of  the  observed  products.  In 
the  present  studies,  we  did  not  detect  formation 
of  di-adduct  from  mechlorethamine  and  guanine. 
Interestingly,  in  cells,  Larminant  et  al  (1993) 
observed  that  the  mono-  to  di-adduct  formation 
ratio  is  approximately  95:  5.  When  these  interac¬ 
tions  were  studied  in  a  purely  organic  solvent 
system  (trifluoroethanol)  at  high  temperature,  in 
addition  to  the  major  product  as  mono-adduct, 
some  di-adduct  was  also  isolated  (Kallama  and 
Hemminki  1986).  This  suggests  that  solvent  and 
other  environmental  conditions  can  affect  the 
quality  and  quantity  of  the  adducts  formed. 

In  order  to  optimize  adduct  formation  at  room 
temperature,  interactions  of  mechlorethamine 
with  guanine  were  studied  at  the  stoichiometric 
ratio  of  1 :  1.  It  was  observed  that  adduct  forma¬ 
tion  is  largest  for  pHs  between  7*5  and  8*5,  and 
declines  as  pH  is  either  raised  or  lowered.  This 
could  result  from  the  hydrolysis  reaction  of 


mechlorethamine  as  well  as  the  hydrolysis  of  the 
formed  products.  The  relative  percentage  of  the 
adduct(s)  formed  as  determined  from  hplc  analy¬ 
sis  suggests  that  only  a  small  amount  of  guanine 
interacts  with  the  nitrogen  mustard  even  under 
optimal  pH  conditions.  Similarly,  time-course 
studies  for  interaction  of  guanine  with  the  nitro¬ 
gen  mustard  in  a  1 : 1  stoichiometric  ratio  were 
examined  at  the  optimal  pH  (8*0).  At  this  pH  the 
relative  percentage  of  the  products  formed 
remained  constant  after  8  h.  Again,  under  optimal 


CH2 


C! 


HX-N 


/  ^ch2 


,CH, 


CH*  \l 


H20  ( 

▼ 


/ 


OH 

CHo-CHo-OH 


HX-N 


CHo-N 


CH2-CH2-OH 
CH2-CH2-<^ 


OH 


/ 


XCH2-CH2-OH  H2° 


h3c-n 


CK 

CH. 

\ 


2 

CH2 


ch  r  \ 

Cl 

guanine  (DNA) 
.CHo-CHp-d! 


H,C-N 


SCH2-CH2-CI 

monoadduct 


t 


V 


HX-N 

xch2-ch2 

inter-  or  intrastrand 
cross-link 


A 


Scheme  IV.  Plausible  mechanism:  formation  of  various 
products. 


Mechlorethamine  and  radiation  sensitivity 


743 


m 


b 


radiation  ^  g 


free  radical 


Scheme  V.  Plausible  mechanism:  electrophilic  characteris¬ 
tic  of  the  radiosensitizer  and  enhanced  radiation 
sensitivity  of  the  target  molecule. 


pH  and  time  conditions  no  quantitative  con¬ 
version  of  guanine  to  adduct  formation  was 
observed.  This  is  perhaps  due  to  the  relatively 
short  stability  of  mechlorethamine  in  aqueous 
solution  (Cummings  et  al  1993).  No  further 
attempts  were  made  to  gain  quantitative  conver¬ 
sions  of  guanine  into  alkylated  guanine. 

Gamma-radiolysis  of  guanine  alone  or  in  com¬ 
bination  with  mechlorethamine  was  examined 
under  the  described  optimal  alkylation  conditions 
for  radiation  doses  up  to  400  Gy.  On  hplc  analysis, 
both  sets  of  experiments  showed  a  new  single 
common  radiation  product  (labelled  R  in 
Figure  1).  This  new  radiation  product  was  isolated 
and  its  chemical  structure  determined  to  be  8- 
hydroxy-guanine  by  the  mass  spectrum  of  its 
TMS  derivative.  This  radiation-induced  for¬ 
mation  of  8-hydroxy-guanine  was  previously 
reported  by  other  investigators:  for  example, 
from  DNA  oligomer  (Paul  et  al .  1987)  and  calf 
thymus  DNA  (Dizdaroglu  1985).  Figure  lc  and  d 
compares  the  radiation-induced  formation  of  8- 
hydroxy-guanine  when  guanine  was  irradiated 
alone  and  when  it  was  irradiated  in  the  presence 
of  mechlorethamine.  As  evidenced  in  Figure  5, 
mechlorethamine  considerably  enhances  the 
radiation  sensitivity  of  guanine.  Since  irradiations 
were  performed  under  the  optimal  aqueous  con¬ 
ditions  for  the  formation  of  P-1  and  P-2  and, 
considering  the  stability  of  mechlorethamine  in 
aqueous  solution  and  that  it  forms  its  two  known 
hydrolysis  products,  chlorohydrine  and  A-methyl 
ethanolamine,  these  two  along  with  P-1  and  P-2 
would  be  expected  to  be  present  during  irradia¬ 
tion.  Therefore,  during  the  irradiation  of  guanine, 
in  addition  to  mechlorethamine,  at  least  four 
other  compounds  formed  directly  from  mechlor¬ 
ethamine  also  influence  the  radiation  sensitivity 
of  guanine.  The  individual  roles  of  these  com¬ 
pounds  in  altering  the  radiation  sensitivity  are 
not  known.  Therefore,  it  seems  very  likely  that 
mechlorethamine  plays  a  direct  and/or  indirect 
role  in  enhancing  the  radiation  sensitivity  of 
guanine. 

Several  hypotheses  have  been  proposed  for  the 


radiation  sensitivity  enhancement  mechanisms  of 
target  molecules  in  the  presence  of  a  radiosensi¬ 
tizer.  In  this  case,  however,  the  observed  enhance¬ 
ment  of  the  radiation  sensitivity  of  the  guanine 
can  be  well-explained  by  considering  of  Adams’ 
and  Cook’s  hypothesis  (Adams  and  Cook  1969, 
Adams  1970).  According  to  this  hypothesis, 
enhanced  radiation  sensitivity  of  the  target  mole¬ 
cule  is  due  to  differences  between  the  electrophi¬ 
lic  characteristics  of  the  target  molecules  and  the 
sensitizer.  Radiation  sensitizers  are  known  to  have 
higher  electron  affinity  as  verified  experimentally 
by  Greenstock  et  al.  (1970).  Scheme  V  illustrates 
the  formation  of  free  radicals  from  target  mole¬ 
cules  in  the  presence  of  sensitizer  molecules:  the 
direct  or  indirect  effect  of  radiation  results  in 
charge  separation  in  the  target  molecules,  fol¬ 
lowed  by  electron  transfer  from  the  negatively 
charged  site  of  the  target  molecule  to  a  more 
electrophilic  sensitizer.  If,  therefore,  a  molecule 
of  higher  electron  affinity  is  present,  either  as  a 
complex  or  as  a  free  molecule  in  the  immediate 
environment  of  the  ionized  target  molecule,  elec¬ 
tron  transfer  from  the  ionized  target  molecule  to 
the  sensitizer  could  occur,  rendering  the  target 
molecule  positively  charged.  This  process  is 
expected  to  compete  with  the  charge  recombina¬ 
tion,  thereby  rendering  a  ‘self-healing’  effect. 
Irreversible  electron  transfer  to  the  sensitizer 
would  lower  the  probability  of  self-healing  and 
favour  the  decay  of  the  highly  reactive  positive 
target  ion  by  reacting  with  another  neutral  mole¬ 
cule,  consequently  transforming  itself  into  a  reac¬ 
tive  free  radical.  Such  electron  transfer  from 
negatively  charged  nucleotide  radical  anions  to 
the  sensitizers  has  been  demonstrated  by  pulse 
radiolysis  (Greenstock  et  al.  1970).  Electron  para¬ 
magnetic  resonance  spectroscopy  experiments 
also  demonstrated  that  the  radical  yields  in  the 
irradiated  DNA  increased  in  the  presence  of  the 
sensitizer  (Adams  1970).  In  the  present  case,  in  the 
absence  of  known  rate-constants  for  electron 
transfer  reactions  between  the  target  molecule 
and  sensitizer,  Adams’  hypothesis  of  the  higher 
electrophililic  characteristic  of  the  sensitizer 
appears  to  account  for  the  nitrogen  mustard- 
induced  enhancement  of  radiation  sensitivity  of 
guanine. 

Although  the  system  studied  here  is  a  crude 
DNA  model,  it  is  still  useful  since  the  fundamental 
interaction  pathways  for  the  nitrogen  mustard, 
ionizing  radiation  and  guanine  are  expected  to  be 
similar  to  those  pathways  occurring  in  small  DNA 
segments  or  native  DNA.  In  the  cell-free  system  in 
the  absence  of  any  repair  processes,  our  data 
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demonstrate  that  under  physiologically  relevant 
conditions  (pH,  ionic  strength  and  temperature) 
nitrogen  mustard  forms  covalent  adducts  with 
guanine  and  also  acts  as  a  radiosensitizer,  enhanc¬ 
ing  the  radiosensitivity  of  guanine.  In  summary, 
the  data  presented  here  illustrate  the  importance 
of  the  chemical  environment  neighbouring  a 
DNA  moiety  in  altering  the  radiation  sensitivity 
of  the  target. 
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